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Abstract 
Meteoritic organic matter has been studied widely, especially the solvent soluble or free organic 
matter (FOM) fraction. However, the different components that make up the insoluble or 
macromolecular organic matter (MOM) fraction have drawn little attention, with most studies 
focussed on the overall nature of this organic polymer. The current study has employed a series of 
analytical techniques, gas chromatography-mass spectrometry (GC-MS), Fourier transform infrared 
(FTIR) and Raman spectroscopy, in conjunction with chemical degradation and high pressure 
procedures, in order to probe the nature of the MOM and FOM fractions of the CM2 chondrites: 
Murchison and Mighei. GC-MS has revealed that the FOM fraction is easily contaminated by 
microbial activity, but that there are a considerable variety of pyranone related compounds and 
aromatic acids that are likely indigenous. FTIR spectroscopic mapping of the FOM and MOM 
fractions supports the strong relationship between meteoritic organic matter and phyllosilicates, 
consistent with the generation of portions of meteorite organic matter, including many FOM and 
some LOM compounds, via aqueous alteration. Ratios of CH2 to CH3 calculated for asymmetric 
stretching indicate that Murchison has shorter chain length and/or more highly branched aliphatic 
compounds than Mighei. Petrographic studies indicate a higher degree of aqueous alteration for 
Mighei than Murchison and this suggests that the CH2/CH3 ratios might be explained by some 
degradation of the aromatic rings during aqueous alteration, which could generate the longer 
aliphatic chains and increase the CH2/CH3 ratio of Mighei compared to Murchison. The inverse 
relationship between the ratio of phyllosilicates to anhydrous silicates and silicate Si-O stretching to 
carboxyl hydroxyl stretching indicate the Murchison parent body accreted with or synthesised a 
higher abundance of carboxyl rich organic matter than that of Mighei. The refractory organic matter 
(ROM) component of MOM, which is isolated after chemical degradation, demonstrates a statistical 
similarity between both meteorites in FTIR and Raman spectroscopy; an observation that suggests a 
common organic progenitor may have been accreted by all CM chondrites and possibly all 
carbonaceous chondrites. Pressure is an important, but often neglected parameter relating to the 
origin of meteoritic organic matter. Model compounds, representing the oxygen and aromatic 
containing functionalities of MOM, have revealed the importance of intermolecular hydrogen 
bonding under pressure. Hydrogen bonding has been observed to facilitate esterification and is a 
plausible process by which portions of MOM could be generated. 
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Chapter 1 – A Review of Meteorite Macromolecular Organic Matter 
and Experimental Outline 
1.1. Aims and Objectives 
The aim of the current study is to investigate the evolution of the early solar system, in terms of 
organic chemical processes and organic matter/mineral interactions occurring on carbonaceous 
chondrite parent bodies. The individual objectives of the study are: 1). What organic structures 
and/or functional groups compose the different fractions of meteorite organic matter, 2). How 
similar/dissimilar are the different fractions of meteorite organic matter to each other, 3). Is there 
any evidence of mineral/organic interactions and can these be related to the presence of or 
alteration of organic matter in meteorites and 4). How might pressure effect organic matter in early 
solar system settings, such as those on carbonaceous chondrite parent bodies?  In order to achieve 
these aims and objectives, portions of meteorite organic matter have been isolated via extraction of 
the free components and through a series of chemical degradation experiments performed upon the 
macromolecular fraction. Subsequently, gas chromatography-mass spectrometry, Fourier transform 
infrared (FTIR) and Raman spectroscopy have been applied to the liberated free compounds and the 
residues left behind. 
  
1.2. Introduction 
The majority of meteorites are thought to originate from parent bodies within the asteroid belt. 
They have survived transit through the Earth’s atmosphere and the subsequent impact with its 
surface. Meteorites can be separated into 3 categories: stoney, stoney-iron and iron. Of particular 
interest to the current study is a primordial class of stoney meteorites: carbonaceous chondrites, 
which formed shortly after the formation of solar system, <4567.30 ± 0.16 Ma (Connelly et al., 2012). 
Carbonaceous chondrites can be further subdivided: firstly on the basis of their bulk chemistry and 
mineralogy and secondly depending on the degree of thermal and aqueous alteration (Figure 1) (Van 
Schmus and Wood, 1967). The first classification consists of two letters, which relate to the 
meteorite class (e.g. C for Carbonaceous Chondrite) and the type specimen (e.g. I for Ivuna). The 
second classification is the petrographic type and is represented by a number between 1 and 6.  
 
C-type asteroids are the most abundant asteroid population in the main-belt and are thought to be 
the parent bodies of most carbonaceous chondrites (Takir et al, 2015, Castillo-Rogez and Young, 
2017), with 24 Themis a potential candidate for the least altered CMs (McAdam et al., 2015). A great 
review of C-type asteroids and their potential as the parent bodies of carbonaceous chondrites is 
provided by Castillo-Rogez and Young (2017). A recent advance in the views surrounding the 
accretion of asteroids, in the main belt, arose after the realisation of large scale planetary 
migrations, such as the Grand Tack model of Walsh et al., (2011). The migration of Jupiter through 
the areas of the solar system thought to be cool enough for the condensation of Ice and those 
believed to be too hot, have led to the prevailing theory of main belt asteroids being collected from 
different areas of the solar system and placed in their current position (Castillo-Rogez and Young, 
2017). The multiple source theory of asteroids in the main belt has the advantage over traditional 
theories, which suggest in-situ formation, because it can explain why dry (S-type) and wet (C-type) 
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asteroids are found next to each other in the main belt (DeMeo and Carry, 2014). There is also 
evidence that main belt P- and D-type asteroids, provided by their trajectories and eccentricities, 
originated from the outer solar system (Levison et al., 2009). 
 
 
 
Figure 1: After Sephton (2013), the relationship between the chemical and petrographic types of carbonaceous 
chondrites. Carbonaceous chondrites are classified according to their bulk chemistry (chemical type) and the 
degree of thermal and/or aqueous alteration they have experienced (petrographic type). The blue highlighted 
boxes indicate the petrographic types corresponding to meteorites of a known chemical type. 
 
Water, which has been detected in C-type asteroids (Takir and Emery, 2012), was involved in the 
alteration of minerals in type 1 and 2 carbonaceous chondrites (McSween, 1979). Type 1 and 2 
carbonaceous chondrites, such as CRs, CMs and CIs, are thought to have accreted with calcium 
aluminium inclusions, formed of high temperature phases such as melite, hibonite, spinel, anorthite 
and calcic pyroxene; chondrules, consisting of mostly olivine and pyroxene; and matrix, composed of 
metal, sulphides, olivine and other silicates or amorphous silicates, but in differing proportions 
depending on meteorite chemical type (Bunch and Chang, 1980, McSween, 1987, Abreu and 
Brearley, 2010, Howard et al., 2011, MacPherson, 2014). Water ice may have also been accreted in 
different amounts by carbonaceous chondrite parent bodies and may help to explain the 
heterogeneity observed in aqueous alteration among carbonaceous chondrites of different chemical 
type (McAdam et al., 2015). The water ice, accreted by carbonaceous chondrites, likely melted by 
heat produced via the radioactive decay of 26Al to 26Mg (Castillo-Rogez and Schmidt, 2010). 
Subsequently, aqueous alteration converted the chondrules and matrix, by different degrees, to 
phyllosilicates, such as serpentine, chlorite, cronstedtite or tochilinite (McSween, 1987; Weisberg et 
al., 1993; Howard et al., 2011). In CM2 chondrites Mg-rich serpentines and Fe-rich cronstedtite now 
dominate the mineralogy (McSween, 1987, Rubin et al., 2007, Beck et al., 2010, Howard et al., 2011). 
Carbonates, Fe-oxides and some sulphides are also thought to originate via aqueous alteration of 
accreted inorganic components (McSween, 1979, Bunch and Chang, 1980, McSween, 1987, Abreu 
and Brearley, 2010, Howard et al., 2011), although some studies suggest that carbonates arise 
through oxidation of organic matter (Alexander et al., 2015, Chan et al., 2017). 
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Organic matter is also thought to have been accreted by carbonaceous chondrite parent bodies 
and/or synthesised anew by the interaction of aqueous fluids and minerals. Volatile compounds of 
an outer-main belt or cometary composition, such as CO, CO2, N2 and NH3 or HCN, CO, CO2 and NH3 
respectively, could be released from and dissolved in water as it melted within a chondrite parent 
body (Bunch and Chang, 1980, Cronin et al., 1988, Fegley, 1993). These simple compounds could 
then react with H2 released from the aqueous alteration of anhydrous minerals to serpentine, 
cronstedtite, Fe-sulphides, magnetite and tochilinite (Schulte and Shock, 2004). The products of 
these reactions have been modeled by Schulte and Shock (2004) and could include simple organic 
compounds such as carboxylic acids, amides, ketones, aldehydes, hydrocarbons, alcohols, amines, 
hydroxy acids, amino acids, dicarboxylic acids or esters. Indeed, Pearson et al. (2002) demonstrated 
that organic matter was associated with phyllosilicates found in the aqueously altered chondrule 
rims and the matrix of Murchison (CM2), Ivuna (CI1), Orgueil (CI1) and Tagish Lake (ungrouped). 
Organic compounds could also be generated by the reaction of polycyclic aromatic hydrocarbons 
(PAHs), thought to be produced in the molecular envelopes of red giant stars (Frenklach et al., 1989) 
and present in comets (Cronin et al., 1988), with aqueous fluids (Schulte and Shock, 2004). 
Alternatively, organic matter could have been generated through UV irradiation of ice mixtures, 
similar to those mentioned above, which had condensed on dust grains (Greenberg et al, 1995, 
Bernstein et al., 1997, Bernstein et al, 1999, Bernstein, 2002, Nuevo et al., 2011, Ciesla and Sandford, 
2012). In this scenario carbonaceous chondrites would have accreted these interstellar or solar 
nebula organic compounds, which could have then undergone further reactions to form the complex 
array of organic matter found in carbonaceous chondrites today (Alexander et al, 1998, Sephton, 
2013).           
 
Despite the potential for organic synthesis on chondrite parent bodies, at least some portions of the 
organic matter are thought to have an origin in either the solar nebula (Ciesla and Sandford, 2012, 
Kuga et al., 2015) or interstellar space (Alexander et al, 1998, Butterworth et al., 2004,  Martins and 
Sephton, 2009, Alexander et al, 2007, Rodgers and Charnley, 2008, Alexander et al, 2010). 
Anhydrous mineral components of carbonaceous chondrites, including those in the chondrules and 
pre-aqueously altered matrix, likely condensed out of the inner solar nebula (Nuth et al., 2005, 
Abreu and Brearley, 2010). The outer parts of the solar nebula would have been cooler and could 
have allowed for the generation of organic matter through irradiation induced chemical reactions, 
within ice mantles (Ciesla and Sandford, 2012) or the gas phase (Remusat et al., 2006). Kuga et al. 
(2015) go further and suggest that even the warmer regions could support the synthesis of organic 
matter. However, this opinion is not commonly held, the temperatures of the inner solar nebula are 
thought to be too high (Alexander et al, 2007) and any organic material produced would be too 
isotopically light to match the values observed in carbonaceous chondrite organic matter (Kerridge, 
1999, Ehrenfreund and Charnley, 2000).  
 
Portions of carbonaceous chondrite organic matter record large deuterium, 15N and 13C enrichments 
relative to terrestrial samples (Alexander et al., 1998, Sephton et al., 2003). The processes that 
generate these heavy isotopes result in their concentration in interstellar space (Kerridge et al., 
1987, Butterworth et al., 2004, Alexander et al., 1998) and this has led to the idea that at least some 
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of the organic matter in carbonaceous chondrites is interstellar in origin. Indeed, simple organic 
compounds, including carboxylic acids, aldehydes, esters, alcohols, alkenes, alkynes, aliphatic 
cyanides, cyanopolyynes, sulphur containing aliphatics and organometallic compounds, have been 
observed in the interstellar medium by spectroscopic studies (Zuckerman et al., 1971, Ehrenfreund 
and Charnley, 2000). Furthermore, interstellar dust particles (IDPs) have been identified in both the 
interstellar medium and carbonaceous chondrites (Sandford, 1996). Organic mantles have also been 
observed on dust grains in the interstellar medium (Mathis, 1993), which is consistent with the 
theory that such grains and thus their organic matter cargo could be accreted by carbonaceous 
chondrite parent bodies. Vollmer et al., (2014) record a grain, within a CR2 chondrite (NWA 852), 
with internal organic matter consistent with that of IDPs, but an outer chemistry that is indicative of 
parent body aqueous alteration, thus indicating the processing and incorporation of interstellar 
organic matter to the bulk organic signature of carbonaceous chondrites. The processes, which 
formed the organic matter in the interstellar medium, are similar to those hypothesised to have 
generated organic matter in the outer solar nebula, involving the interaction of UV radiation, organic 
rich ice mantles and dust grains (Greenberg et al, 1995, Sandford, 1996, Bernstein et al., 1997, 
Bernstein et al, 1999, Bernstein, 2002, Nuevo et al., 2011, Ciesla and Sandford, 2012).  
 
1.3. Meteoritic organic matter 
Carbonaceous chondrites can be organic carbon rich, containing >3 wt% in some cases, with ~30% of 
this being solvent soluble, whilst ~70% is a solvent insoluble macromolecular material (Figure 2) 
(Sephton, 2002, Martins and Sephton, 2009). Although much light has been shed on the nature of 
the solvent soluble portion, the solvent insoluble fraction still contains many unknowns.  
 
Spectroscopic techniques have revealed the overall nature of the MOM (Gardinier et al., 2000, Cody 
et al., 2002, Cody and Alexander, 2005, Cody et al., 2011, Kebukawa et al., 2011) while thermal 
degradation techniques have liberated individual units for further study (Sephton, 2012). Chemical 
degradation, which liberates units without the influence of heat, has been relatively underused as a 
MOM solubilisation technique. Therefore, the current study proposes to make use of both recent 
and past advancements in chemical degradation procedures and adapt these to the study of 
meteorite MOM. Some newly developed chemical degradation techniques have only been applied to 
biological materials and terrestrial kerogens; their application to hydrocarbon-rich macromolecules 
of an extraterrestrial origin represents a rich area of novelty. 
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Figure 2: The relationships between the different types of meteoritic organic matter: macromolecular organic 
matter (MOM), free organic matter (FOM), labile organic matter (LOM) and refractory organic matter (ROM). 
 
1.3.1. Free Organic Matter 
The solvent soluble or free organic matter (FOM) is the most widely studied: amino acids, carboxylic 
acids, purines and pyrimidines, polyols, diamino acids, dicarboxylic acids, sulphonic acids, 
phosphonic acids, nitrogen heterocycles, alcohols, amines, amides, aldehydes, ketones, phenols, 
benzofurans, dibenzofurans and furans being among some of the compounds reported (Sephton, 
2002, Sephton, 2013). 
 
Whilst there are free organic compounds which are thought to have been inherited during parent 
body accretion or synthesised anew within the meteorite parent body, some, specifically the 
aromatic hydrocarbons, are thought to have been liberated from meteorite macromolecular 
material by parent body aqueous alteration (Sephton et al., 1998). This is indicated by similarities in 
the fragments, liberated from the macromolecular material through hydrous pyrolysis, to FOM 
compounds. The carbon isotopic values are also similar for identical liberated fragments and FOM. 
However, with a 12C enrichment in the FOM compounds: indicating that the FOM compounds were 
derived from the cleavage of macromolecular material (Sephton et al., 1998). 
 
1.3.2. Macromolecular Organic Matter 
The MOM (Sephton, 2013) consists of aromatic cores connected to aliphatic, ether and sulphide 
linkages with various functional groups and heteroatoms (Hayatsu et al., 1977, Sephton et al., 1999a, 
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Sephton and Gilmour, 2001, Remusat et al., 2005b). Meteorite MOM can be further subdivided into 
labile organic matter (LOM) and refractory organic matter (ROM). LOM is more 15N and 13C enriched 
than ROM and is a likely precursor for many FOM compounds. LOM is insoluble in solvents and HCl 
and HF acids, but released during hydrous pyrolysis and combusts at between 250-350°C. ROM is 
also insoluble in solvents and HCl and HF acids, but is unaffected by hydrous pyrolysis and combusts 
at temperatures between 350-500°C (Sephton et al., 2003, Sephton et al., 2004b). 
 
1.3.2.1. Labile Organic Matter 
LOM is released during hydrous pyrolysis and possibly by chemically degradative techniques, which 
cleave ether and ester linkages (Sephton et al., 2003, Sephton et al., 2004b). Various fragments 
liberated from LOM by hydrous pyrolysis have been reported: monocarboxylic acids, phenol, 
toluene, alkylbenzenes, alkylnapthalenes, alkylindanes, acetonitrile, benzonitrile, thiophenes and 
benzothiothenes (Sephton et al., 1998, Sephton and Gilmour, 2000, Oba and Naraoka, 2006, 
Sephton, 2013). 
 
Despite qualitative similarities, there are quantitative differences in the composition of hydrous 
pyrolysates from the CI 1 and CM 2 meteorites. These differences appear to correlate with the levels 
of aqueous alteration of the two types of meteorites (Sephton et al., 1999b, Sephton et al., 2000). 
The levels of aqueous alteration were deduced from the degree to which anhydrous minerals had 
been transformed to their hydrated products. Therefore, it has been proposed that aqueous 
alteration, which occurred on the meteorite parent bodies, may be responsible for the quantitative 
differences in CI 1 and CM2 LOM (Sephton et al., 1999b, Sephton et al., 2000, Watson et al., 2010, 
Court and Sephton, 2009). Indeed, phenols are found preferentially in the least aqueously altered 
meteorite organic residues and least preferentially in the most altered, which can be explained by 
the production of phenols from cleavage of ether functionalities that serve as cross-links between 
aromatic units. Therefore, CI 1 meteorites, such as Orgueil, likely had their ether bonds cleaved and 
free radical sites terminated more readily, during aqueous alteration, than CM2 meteorites such as 
Murchison and Cold Bokkeveld (Sephton et al., 1999b, Sephton et al., 2000, Watson et al., 2010, 
Court and Sephton, 2009).  A likely explanation for this is that CI1 meteorites have experienced more 
extensive aqueous alteration and therefore had access to more exogenous hydrogen available to 
terminate the free radical sites, formed during bond cleavage (Sephton et al., 1999b, Sephton et al., 
2000, Watson et al., 2010, Court and Sephton, 2009). This also accounts for the deuterium depleted 
nature of FOM compared to MOM (Sephton et al., 1998).  
 
Other theories for the formation of MOM in general have often concentrated on a solar nebula 
origin.  One popular interpretation was that of Hayatsu et al. (1977): artificial MOM was generated 
via Fischer-Tropsch synthesis (FTS) and is similar to MOM from the Allende (CV 3) meteorite. It was 
concluded that the meteoritic MOM formed in the solar nebula prior to its inclusion in the meteorite 
parent body (Hayatsu and Anders, 1981). However, there are several major flaws with this 
hypothesis, see Alexander et al. (1998) and Sephton et al. (2001) for a brief review. Firstly, kinetics 
indicates it is unlikely mineral catalysts (phyllosilicates and magnetite), needed in the synthesis, 
could be present in the solar nebula during the proposed formation of the organic molecules (Fegley 
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and Prinn, 1989). Furthermore, the mineral catalysts that are required to initiate FTS were found to 
form much later within the meteorite parent bodies (Kerridge et al., 1979, Bunch and Chang, 1980, 
Barber, 1981, Tomeoka, 1990). Additionally, experiments have shown that isotopic fractionation 
between CO source gases and synthesis products, such as CH4, results in the formation of lighter 
compounds (Lancet and Anders, 1970). However, carbon isotopic measurements from Murchison 
revealed that CO is lighter than indigenous aliphatic hydrocarbons (Yuen et al., 1984). Finally, the 
degree of enrichment of D and 15N and the total range in N and H isotopes, seen within meteorite 
MOM, cannot be explained by any of the proposed solar system mechanisms. 
 
Some of the other theories for a solar nebula origin include: electric discharge (Miller, 1955), UV 
irradiation (Sagan and Khare, 1979) and high temperature synthesis (Morgan et al., 1991). However,  
even if the C, N and H isotopes for meteorite MOM are ignored, the first two processes do not 
produce sufficiently aromatic material, whilst the last requires high temperatures (900-1100 K) over 
large timescales (105-106), which may not be possible in the solar nebula (Alexander et al., 1998). 
 
A near constant ratio of MOM to interstellar nanodiamonds suggests a common organic progenitor 
was accreted by all carbonaceous chondrites (Alexander et al., 1998).  It is thought that this organic 
precursor was enriched in the heavy isotopes of C, N and H (Alexander et al., 1998, Sephton et al., 
2003). Indeed, MOM derived from meteorites is enriched in deuterium, all of which was generated 
in the big bang and has been decreasing ever since, due to its destruction in stars. Therefore, this 
deuterium enrichment is indicative of a presolar source (Kerridge et al., 1987, Butterworth et al., 
2004, Oba and Naraoka, 2006, Pearson et al., 2006, Martins and Sephton, 2009). The heavy stable 
isotope of carbon is synthesized in low- and intermediate-mass asymptotic giant branch stars and 
dispersed into the interstellar medium. Therefore, overtime the δ13C of interstellar space is 
increasing. MOM is also enriched in 13C, indicating a presolar origin (Butterworth et al., 2004). 
Similarly, 15N enriched material forms in the interstellar medium and therefore its enrichment in 
MOM is also indicative of a presolar source (Alexander et al., 1998, Rodgers and Charnley, 2008).  
 
Solar nebula processes generate organic molecules with relatively light isotopic compositions 
(Kerridge, 1999, Ehrenfreund and Charnley, 2000). Therefore material produced in the solar nebula 
will be isotopically lighter than presolar material. Chondrites of low petrographic types (1 and 2) 
show more positive δ13C and δ15N values, whilst those of higher petrographic types (3 and 4) 
demonstrate less positive δ13C and δ15N values (Pearson et al., 2006, Alexander et al., 1998). 
Alteration of either a thermal or aqueous nature will result in MOM of an isotopically lighter 
composition. It is thought that aqueous alteration causes the 13C and 15N enriched components to 
contribute to the volatile organic fraction in types 1 and 2. However, thermal metamorphism results 
in them being lost from types 3 and 4 (Sephton et al., 2003, Sephton et al., 2004b). This explains the 
variation in the isotopic composition observed between the MOM from meteorites of different 
petrographic types (Sephton et al., 2004b).  
   
Studies involving nuclear magnetic resonance (NMR) have identified carboxyl, ketone, furan, pyran, 
alcohol and ether functional groups within the Orgueil and Murchison MOM (Gardinier et al., 2000, 
Cody et al., 2002, Cody et al., 2011). These studies suggest alcohol and ether groups vary among 
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petrographic groups, whilst carboxyl and ketone groups are more uniform. Fourier transform 
infrared (FTIR) studies have also revealed oxygen containing functionalities such as carboxyl, 
carbonyl and alcohol groups within MOM (Kebukawa et al., 2010, Kebukawa et al., 2011, Yesiltas and 
Kebukawa, 2016, Orthous-Daunay et al., 2013). 
    
Among the common oxygen containing pyrolysis products are aldehydes, ketones, phenols, benzene 
carboxylic acids, furans, benzofurans, dibenzofurans and their alkylated configurations (Studier et 
al., 1972, Levy et al., 1973, Komiya et al., 1993, Sephton and Gilmour, 2001, Sephton et al., 2004a, 
Remusat et al., 2005b, Sephton, 2013). Studies employing hydrous pyrolysis have also released 
oxygen-containing fragments from meteorite LOM: phenols, alkylphenols (Sephton et al., 1998, 
Sephton et al., 1999b, Sephton et al., 2000) and short chain monocarboxylic acids (Oba and Naraoka, 
2006). However, phenols can be produced by oxidation of the LOM during hydrous pyrolysis and 
therefore some of those observed may be secondary products (Sephton and Gilmour, 2000). Other 
oxygen containing compounds have been released by techniques involving tetramethylammonium 
chloride (TMAH) and ruthenium tetroxide (RuO4): aromatic ketones, benzoic acid, methyl- and 
dimethylbenzoic acids, monocarboxylic acids, di- and tricarboxylic acids and polycarboxylic aromatic 
acids (Remusat et al., 2005b, Huang et al., 2007, Watson et al., 2010). 
 
1.3.2.2. Refractory Organic Matter 
ROM is thought to have no oxygen containing linkages and have a more aromatic rich structure than 
LOM (Sephton et al., 2003). Raman spectroscopy is sensitive to bands that relate to the degree of 
order in aromatic carbon rich materials (Beyssac et al., 2003), thus the Raman response of meteoritic 
organic matter is most likely representative of ROM. The Raman spectroscopy of organic matter 
within primitive carbonaceous chondrites, such as CM, CI and CR, indicates that they are more 
disordered than those which have experienced higher degrees of metamorphism (Busemann et al., 
2007, Quirico et al., 2009), suggesting that metamorphism alters the original ROM progenitor.  
 
Very little is known about the relationship between ROM and LOM, as compound specific δ13C 
isotopic measurements for the ROM structural units has not been undertaken (Sephton et al., 2003). 
It is clear that ROM is less enriched in the heavy isotopes of carbon and nitrogen than LOM (Sephton 
et al., 2003, Sephton et al., 2004b), but this could be explained by two different theories. Firstly, 
ROM and LOM could be two end members of the same structure, the higher molecular weight 
sections becoming increasingly depleted in the heavy isotopes of carbon and nitrogen. Secondly, 
LOM and ROM could represent two distinct fractions of organic matter (Sephton et al., 2003). 
 
1.3.3. Pressure 
The effects of pressure on meteorite organics is a subject that has received little attention, despite 
their parent bodies experiencing many collisions during the period of heavy bombardment 
(Montgomery et al., 2014). Some pressure studies have used modeling (Pierazzo and Chyba, 1999) or 
high velocity guns (Burchell et al., 2014) to demonstrate the survival of organic matter on impact, 
but very few have attempted to understand the effects of pressure on individual molecules or the 
building blocks of macromolecular organic matter that are present in extraterrestrial impactors, such 
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as meteorites and comets. Work by Montgomery et al. (2014) has shown that some organic 
molecules, which are present in cosmological settings, record past high pressure events. It is 
important to continue such work, not only expand our array of cosmobarometers, but also to 
improve our understanding of how pressure has shaped the chemistry of the early solar system and 
potentially the organic molecules delivered to earth prior to the origin of life. 
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Chapter 2 – Experimental Outline 
2.2. Introduction 
The Murchison and Mighei meteorites (CM2) have been selected because they represent a class of 
carbonaceous chondrites that have experienced aqueous alteration and contain the primitive 
organic matter of interest to the current study. Murchison fell in Western Australia in 1969 (Grady, 
2000) and provided researchers, preparing for the upcoming Apollo missions, a chance to test their 
facilities (Sephton, 2013). Furthermore, ~100 kg of meteorite was recovered and this has enabled 
the specimen to be studied extensively and thus the sample provides a good way to compare the 
results of the current study to those of the literature. Mighei fell in Mykolaïv Province, Ukraine in 
1889 and 8 kg is all that is thought to have been recovered (Grady, 2000). The organic matter of 
Mighei has not been studied as extensively as that of Murchison and provides a chance to 
understand relationships between CM2 meteorites in terms of the similarity of their organic matter 
fractions. 
 
CM2 chondrites represent the largest group of carbonaceous chondrites effected by aqueous 
alteration and have a mineralogy dominated by aqueously altered phases, of which Fe-rich 
cronstedtite (50.3% and 47.9% for Murchison and Mighei respectively) and Mg-rich serpentine 
(22.2% and 26.7% for Murchison and Mighei respectively) are the most abundant (Rubin et al., 2007; 
Beck et al., 2010; Howard et al., 2011). CM2s are not as aqueously altered as CI1s, as shown by the 
remnant anhydrous silicates in the former, including olivine (15.1% and 13.1% for Murchison and 
Mighei respectively) and pyroxene (8.3% and 6.9% for Murchison and Mighei respectively) (Howard 
et al., 2011). Other phases of interest include magnetite, sulphides and calcite, which contribute only 
a few percent each to the majority of the CM2s studied (Howard et al., 2011). Some less aqueously 
altered CM2s, including Murchison and Mighei, record partially altered chondrules that still contain 
olivine and pyroxene, whilst others, which have experienced higher levels of aqueous alteration, 
only record chondrules as pseudomorphs composed mostly of Mg-rich serpentine (Rubin et al., 
2007). Fe-cronstedtite has been identified by Tomeoka and Busek (1985) as a major component of 
the poorly characterised phase (PCP) reported by Fuchs et al., (1973) and is a principle component 
found within the matrix of CM2 chondrites, including Murchison and Mighei (Howard et al., 2011). 
Fe-cronstedtite originates from the aqueous alteration of matrix metal and anhydrous Fe-rich 
silicates, such as fayalitic olivine (Howard et al., 2011). Murchison and Mighei are also known to 
contain tochilinite, another PCP component, which can form from the aqueous alteration of olivine 
and pyrrhotite and/or Fe-metal (Zolensky, 1984). The components, which were formerly referred to 
as the PCP, are known to host organic matter in CM2 chondrites, including Murchison and Murry 
(Bunch and Chang, 1980).   
 
CM2 chondrites are rich in carbon, which is present in Murchison and Mighei in abundances of 1.6-
2.5 wt% and 2.6-2.9 wt% respectively (Kerridge, 1985). Most of the carbon in Murchison and Mighei 
is present as organic matter (Cronin and Chang, 1993; Sephton, 2013). Of the organic matter present 
in Murchison and Mighei ~70% is macromolecular organic matter (MOM) and only 30% is present as 
free organic matter (FOM) (Sephton, 2002). Murchison is known to contain a large variety of both 
aliphatic and aromatic FOM compounds, including alkanes, alcohols, ketones, carboxylic acid, amino 
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acids and many heterocyclic compounds, of which straight chain monocarboxylic acids are the most 
abundant (332 µg g-1) (Sephton, 2013). Mighei has been studied less extensively, but appears to 
record similar compounds, such as alkanes and aromatic compounds, with some containing 
heteroatoms (Belsky and Kaplan, 1970; Sephton, 2004).         
 
Building on previous hydrous pyrolysis work, the current study aims to analyse the organic matter, of 
the Murchison and Mighei CM2, chondrites by separating it into three fractions to be studied by a 
combination of analytical techniques (Figure 3). The first fraction is meteoritic organic matter as a 
whole (FOM + MOM). The second fraction is FOM, which has been extracted with water, and the 
final fraction is ROM, isolated by chemical degradation to remove the oxygen containing linkages 
that are associated with the LOM fraction. 
 
 
 
Figure 3: A flowchart of the experimental procedure, outlining the methods used to isolate different meteorite 
organic matter fractions.  
 
2.1.1. Whole Rock Analysis 
Analysis of the meteorite samples before chemical degradation will be undertaken using FTIR and 
Raman spectroscopy and is necessary for interpreting differences between the chemically degraded 
fraction and meteoritic organic matter in its entirety. The whole rock analysis will also shed light on 
mineral-organic matter relationships and enable comparisons between the organic matter present in 
Murchison and Mighei and that of other meteorites sampled by these techniques. 
  
2.1.2. Free Organic Matter Extraction 
Extraction of the polar Free organic matter within meteorites involves the grinding of the sample, 
followed by heating in water within a sealed nitrogen atmosphere (Martins et al., 2006). The 
supernatant, water in this case, is then removed and the residue rinsed with MeOH and DCM. The 
water fraction should contain polar fragments such as carboxylic acids and alcohols, whilst the 
organic fractions would contain any non-polar species. Solid phase extraction (SPE) cartridges can be 
used to isolate the FOM compounds from the water extracts ready for gas chromatography-mass 
spectrometry (GC-MS) and gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-
IRMS). 
 
2.1.3. Removal of Oxygen Functionalities 
The presence of oxygen-containing linkages within MOM has been indicated by NMR (Cody et al., 
2002, Cody and Alexander, 2005), hydrous pyrolysis (Sephton et al., 1999b, Sephton et al., 2000) and 
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thermochemolysis studies (Watson et al., 2010). Previous chemical degradation studies have 
reported products of ester and or ether cleavage. Remusat et al. (2005a) employed RuO4 and 
reported carboxylic acids among their degradation products, although these were likely created by 
oxidation of the aromatic moieties in the MOM. Hydrous pyrolysis studies have released carboxylic 
acids and phenolic compounds, but this technique may also oxidise the MOM, introducing new 
oxygen containing functional groups (Sephton et al., 1999b). Therefore, it is essential to use an ester 
cleavage technique that does not introduce functionalities that we want to study. 
 
Potassium hydroxide (KOH) can be used to cleave C-O bonds within ester linkages, a process termed 
saponification (Goosens et al., 1989, Höld et al., 1998), whilst hydrogen iodide cleaves C-O bonds 
within ether linkages; converting the ether linkage to an iodide functional group (Smith and March, 
2001).  Both KOH (Höld et al., 1998) and HI (Schouten et al., 1998, Blokker et al., 1998) have been 
used to study oxygen functionalities within terrestrial organic matter. Importantly, neither KOH nor 
HI oxidise organic matter and thus will not introduce new oxygen functionalities. 
 
SPE cartridges can be used to recover and isolate liberated LOM compounds where possible, ready 
for analysis by GC-MS and GC-C-IRMS (where abundances are high enough for detection). 
 
2.1.4. Analysis of the Chemically Degraded Samples 
Following chemical degradation, FTIR and Raman spectroscopy can be used to study the ROM 
component of meteoritic organic matter. FTIR spectroscopy will allow for a comparison of the 
functional groups present before after chemical degradation and thus indicate which may have been 
lost. Ratios between different minerals and organic functionalities will also provide details of chain 
lengths or levels of branching within the different organic fractions as well as reveal any differences 
in the nature or relative abundance of mineral and organic species between meteorites. Raman 
spectroscopy can assess the degree of disorder within aromatic carbonaceous material and will 
allow the comparison of these meteorite samples to other chondrites of both similar and different 
petrographic and chemical type. Analysis of the pre and post chemically degraded samples will also 
enable a statistical evaluation of whether or not the Raman response arises from the ROM fraction. 
 
2.1.4.1. Fourier Transform Infrared Spectroscopy 
Infrared (IR) spectroscopy measures the absorption of infrared radiation, by molecules or functional 
groups, which initiates changes in the quantised vibrational energy states of the affected molecule 
or functional group (Gaffney et al., 2012). The portion of the incident IR radiation absorbed will be 
directly proportional to the energy required to transition to a particular vibrational energy state. This 
phenomena results in the loss of specific wavelengths of the IR spectrum, otherwise known as peaks. 
Most changes of vibrational energy states at room temperature involve transitioning from the 
vibrational energy ground state (ν=0) to the next energy level (ν=1), one great advantage of IR 
spectroscopy is that nearly all molecules, which absorb infrared radiation, record this transition in 
the mid infrared (MIR) and thus this is the IR region that will be used by the current study. The MIR 
region spans the wavelengths 3.0-50 µm, although IR radiation for the MIR region is usually recorded 
by wavenumber (200-4000 cm-1), which is the inverse of wavelength (= 1/λ).  
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Some transitions from ν=0 skip ν=1, and these are termed overtones, if the transition proceeds from 
ν=0 to ν=2 it is termed the first overtone, if from ν=0 to ν=3 the second overtone, and so on (Gaffney 
et al., 2012). The intensity of these peaks will be 1/10 of that of ν=1. Intensity can be defined as the 
peak height and is proportional to the absorbance of incident IR radiation for the set of 
wavenumbers describing the peak. IR spectra can be can be represented as either absorbance or 
transmittance spectrums, which refer to IR radiation being either absorbed or transmitted. 
Transmittance spectrums will range from 0-100% light transmitted, whilst absorbance spectrums are 
logarithmic, a value of 2 denotes that nearly all the light has been absorbed. 
 
Another important part of infrared spectroscopy is understanding which peaks arise from which 
vibrations. A CO2 molecule is linear, its atoms are aligned in a straight line, and this allows it to 
vibrate in many directions. The number of different ways the molecule can vibrate, vibrational 
degrees of freedom, can be calculated. CO2 is composed of three atoms and has 6 independent 
degrees of freedom of motion (3 times the number of atoms it contains or 3N degrees of freedom) 
and of these there are three modes of translation (position in space) and two modes of rotation 
(orientation about the centre of gravity). There are only two degrees of rotational freedom because, 
in linear molecules, the central atom can only move about the axis described by the other atoms. An 
equation can be written to draw these relationships together and calculate the vibrational degrees 
of freedom, also known as normal vibrational modes, of the molecule:  
 
 
Where Fvib. Is the vibrational degrees of freedom and N is the number of atoms.  
 
A water molecule is non-linear, the atoms are not aligned in a straight line, and thus is limited in the 
ways it can vibrate by its bond angles. The water molecule also has 6 independent degrees of 
freedom of motion, but it has an extra mode of rotation, due to the atoms not being aligned along a 
single axis. The extra rotational mode means the degrees of vibration freedom for water = 5, one 
less than CO2. 
 
As the number of atoms in a molecules increases, the calculation of the number of normal 
vibrational modes becomes increasingly complex. There are two main types of vibrational mode, 
stretching and bending modes. Stretching modes involve a change in interatomic distance, whilst 
bending modes involve a change in the bond angles between two atoms. Stretching modes can be 
classified as in-phase or symmetrical stretching and out-of-phase or asymmetrical stretching modes 
(Figure 4). Bending modes can be subdivided into: in-plane asymmetrical bending or scissoring, out-
of-plane asymmetrical bend or twisting, in-plane symmetrical bend or rocking and out-of-plane 
symmetrical bend or wagging. Bending modes always occur at lower frequencies than stretching 
vibrations, because the latter requires more energy.  
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Figure 4: After Gaffney et al., (2012), the Stretching and bending vibrational modes observed in FTIR and 
Raman spectroscopy, for a fictional functional group forming part of a larger molecule. Arrows demonstrate 
the movement of the atoms in plane, whilst a + or – indicates motion out of into and the plane of the page 
respectively.    
 
In FTIR spectroscopy it is possible to find that there are less normal vibrational modes, represented 
as peaks, than expected, this can arise due to the modes being degenerate or because the modes 
are not IR active. A mode can be degenerate if the frequency of the molecule is equal to that of the 
light leaving it. Whether a mode is IR active depends on whether there is a change in dipole moment 
during the vibration (Socrates, 2001, Ferraro et al., 2003). A dipole moment refers to the separation 
of two different electrical charges, thus here it describes the distribution of electrons in a bond 
between two atoms. In a CO2 molecule the electrons are held closer to the oxygen atoms and this 
makes the ends of the molecule slightly negative, whilst the middle of the molecule, the carbon 
atom, is positive. In this case the molecule is both linear and symmetrical, meaning the centres of 
negative and positive charge coincide at the carbon atom and the molecule has no dipole moment. If 
the CO2 molecule is subject to IR radiation then it will start to vibrate, in the case of symmetrical 
stretching, there is no induced change in the centres of charge and thus there is no dipole moment. 
However, in the case of the asymmetrical stretching mode or either of the symmetrical bending 
modes, the centres of charge will not coincide and thus a dipole moment will arise. The generation 
of this dipole moment occurs by IR absorption and results in these modes being IR active. 
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IR spectrometers can be categorised in to two main types, dispersive IR and Fourier transform IR 
spectrometers. The former uses a monochromater and slit to split the light into different 
wavelengths and then select specific wavelengths of light that can pass through (Sathyanarayana, 
2004). A beam splitter is used to split the light in two, one beam of light passes through the sample 
and hits the detector, whilst the other is sent via a reference to the detector. The two spectrums are 
then compared and the signal is sent to a, which is linked to the monochromater and allows the 
outputting of the energy in frequency or wavelength. The major limitations of this technique are 
that the monochromater and slit limit the signal at a specific resolution, each collection can take 
minutes, so it takes a long time to run multiple scans, in order to increase the signal to noise ratio, 
only a small portion of the infrared spectrum can be recorded at once and the instrument requires 
routine calibration (Sathyanarayana, 2004; Gaffney et al., 2012). 
 
FTIR spectrometers send all the infrared radiation to a beam splitter, which sends the light at right 
angles, on bean to a stationary mirror, the other to a moving mirror (Gaffney et al., 2012). The light 
is then combined, but the variance in the path length taken by the two beams creates a difference in 
phase, also known as interference, which can be represented as an interferogram. The combined 
beam is then sent through the sample to a detector. The detector is able to record an interferogram, 
but with the wavelengths absorbed by the sample subtracted, which equates to variation of energy 
versus time for all the incident wavelengths. A Fourier transform allows for the calculation of 
intensity versus frequency and this can then be converted into intensity versus wavenumber. FTIR 
instruments address all the major issues experienced by dispersive IR spectrometers. With FTIR 
spectrometers the energy throughput is much greater than that of dispersive instruments, which 
means they have a much greater signal to noise ratio (Jacquinot’s Advantage). FTIR spectrometers 
also allow radiation from all wavelengths can be measured simultaneously (Felgett’s Advantage), 
this also means that infrared spectrums can be acquired in seconds rather than in minutes, as is the 
case with dispersive instruments. Due to the quicker acquisition time, FTIR spectrometers are able to 
easily record multiple scans and co-add these to significantly reduce signal to noise ratios. In FTIR 
spectrometers the laser that is used to resolve the scan velocity of the moving mirror, can also act as 
an internal standard for wavelength calibration, which greatly improves the wavenumber precision 
compared to dispersive IR instruments. 
 
2.1.4.2. Raman Spectroscopy 
The Raman effect was named after Sir Chandrasekhra Venkata Raman, who discovered it in 1928, 
using sunlight as his light source, a modified telescope and his eyes as the detector (Raman and 
Krishnan, 1928). Since then much work has been undertaken to improve all aspects of the 
instrumentation, including the development of laser light sources, variable slits, monochromaters 
and spectrometric detectors (Ferraro et al., 2003). 
 
Raman spectroscopy relies on the Raman effect, which is caused by a shift in frequency of incident 
light, upon its scattering by molecules in a sample (Ferraro et al., 2003). Unlike in FTIR, Raman 
spectra are measurements of the original light frequency (ν0), termed the Rayleigh line, ± the light 
frequency of the molecule scattering the light (νm), this change in frequency is termed the Raman 
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shift. When the shift is to lower frequencies (ν0 - νm) the corresponding shift is termed the Stokes line 
and when the shift is positive (ν0 + νm) the corresponding shift is termed the anti-stokes line. Stokes 
lines are always more intense than anti-stokes lines and because they both give the same 
information the former is usually recorded.   
 
The incident photon in Raman excites molecules to a virtual energy state, which is temporary and 
not equivalent to the transitioning of a molecule to the next vibrational energy state, as is the case in 
FTIR spectroscopy. The scattered photon must thus represent the change in energy and this is why 
its frequency is equal to that of the original photon ± the frequency of the affected molecule. Peaks 
in Raman represent the intensity of a given Raman shift and the vibrational modes that cause these 
shifts can be described in the same way as those in FTIR (Figure 4) (Socrates, 2001, Ferraro et al., 
2003).  
 
In Raman spectroscopy, as is the case in FTIR spectroscopy, it is possible to find that there are less 
normal vibrational modes, represented as peaks, than expected, this can arise due to degeneracies 
or because the modes are not Raman active. A mode can be degenerate if the frequency of the 
molecule is equal to that of the light leaving the molecule. Whether a mode is Raman active depends 
on whether the polarisability of the molecule is altered by interaction with the incident light 
(Socrates, 2001, Ferraro et al., 2003). When an electric field, such as a laser beam, interacts with a 
molecule it distorts the molecule, such that the positively charged nuclei are attracted to the 
negative part of the field, with the reverse occurring for the negatively charged nuclei. The effect of 
such distortion is an induced dipole moment. However, a given vibrational mode is only Raman 
active if the distortions of its electron density clouds, caused by the induced dipole moment, change 
in shape during the vibration.  A CO2 molecule for example will have an electron density cloud of 
different shapes during exposure to the electric field of the laser beam. In the case of the 
symmetrical stretching mode the electron density cloud will vary in shape as the bond increases and 
decreases in length, the cloud will be larger when the bond length is smaller and vice versa. 
Therefore, this mode will be Raman active. In the case of the asymmetrical stretching mode or either 
of the symmetrical bending modes, the shapes of the electron density clouds will also change. 
However, the electron density clouds will be the same shape when one bond is at its shortest and 
the other at its longest and vice versa, for the asymmetrical stretching mode, and also when the 
bonds have reached their greatest angle from their original plane, for the bending modes, meaning 
there is no net change in the induced dipole moment and thus no Raman activity for these 
vibrational modes. It is important to note that the mode that was Raman active for CO2, the 
symmetric stretching mode, is the mode that was not active under IR radiation, this is often the case 
with the activity of vibrational modes.  
 
2.1.5. High Pressure Analysis of Meteoritic organic matter Model Compounds  
Meteoritic organic matter is mostly composed of MOM, which contains many aromatic cores 
connected by aliphatic linkages, some of which contain oxygen functionalities such as methoxy, 
alcohol and carboxylic acids (Cody et al., 2002, Cody and Alexander, 2005, Watson et al., 2010). 
Therefore, selection of model compounds should involve searching for molecules that represent 
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these chemical features. After selection, these compounds will be subject to over 10 GPa, the 
highest pressures that primitive meteorites, such as CMs, are believed to have reached (Scott et al., 
1992). The application of pressure will be undertaken via the use of a diamond anvil cell, which 
compresses the sample between two diamonds that have had their tips flattened. FTIR can be used 
to monitor the effects of pressure on the crystals of the model compounds. Of particular importance 
is the formation of intermolecular hydrogen bonds, which have been shown by previous studies to 
promote esterification under pressure (Cai and Katrusiak, 2012). 
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Chapter 3 – Carboxylic Acids within Meteoritic organic matter  
4.1. Introduction 
Short chain mono-carboxylic acids have been identified as indigenous components of free organic 
matter (FOM) in carbonaceous chondrites. For a detailed review of the literature, see Sephton 
(2013). The earliest studies to detect mono-carboxylic acids (MCAs) utilised potassium hydroxide in 
methanol as an extraction medium and gas chromatography-mass spectrometry (GC-MS) as an 
analytical tool (Yuen and Kvenvolden, 1973). Later work was able to quantify (Lawless and Yuen, 
1979) and provide compound specific carbon isotope measurements for MCAs (Yuen et al., 1984) in 
the Murchison meteorite (CM2). The quantification study demonstrated that MCAs are the most 
abundant solvent soluble compounds in this meteorite and that positive δC13 values indicated the 
compounds were extraterrestrial in origin. Furthermore, a trend of decreasing δC13 value with 
increasing carbon number was found to occur within both the MCAs and alkanes, which suggested 
that the longer chain varieties were formed by reactions involving their stepwise synthesis from 
shorter chain homologues. 
 
Further work on Antarctic carbonaceous chondrites revealed that in some meteorites nearly all the 
possible structural isomers of each acid were present (Shimoyama et al., 1989, Naraoka et al., 1999). 
Furthermore, the straight chain MCAs were found to be more abundant than their branched 
counterparts. Huang et al. (2005) used a solid phase microextraction (SPME) column connected to a 
GC-MS and then a GC-C-IRMS to quantify and provide compound specific isotopic measurements of 
MCAs, from Murchison and an Antarctic meteorite. The data for over 50 MCAs, both branched and 
straight, were obtained and the trend of decreasing δC13 values with increasing carbon number was 
also observed for the straight chain varieties. 
 
Meteorite macromolecular organic matter (MOM) may contain aliphatic MCAs (Remusat et al., 
2005b). Saponification (KOH in water or methanol) cleaves ester bound material, releasing carboxylic 
acids, and has been used previously in the study of natural samples (Goosens et al., 1989, Höld et al., 
1998, Schaeffer-Reiss et al., 1998). The presence and characterisation of ester linkages within 
meteorite MOM could shed light on the processes that occurred both on the meteorite parent 
bodies and before organic materials were included within them. The structure of the fragments, 
including the presence of functional groups, may allude to specific conditions such as the role of 
hydrothermal fluids and the temperatures experienced by the sample. Isotopic data could further 
constrain the kinetic processes occurring in the early solar system and the interaction of interstellar 
and solar material.    
 
There are concerns over the indigeneity of FOM MCAs in certain studies due to the predominance of 
peaks relating to even carbon numbered MCAs over odd numbered varieties; a phenomenon 
associated with living organisms. Huang et al. (2005) presented chromatogram data with an even 
over odd predominance for straight chain acids, these were also less 13C enriched than those 
reported by Yuen et al. (1984). Similarly, Remusat et al. (2005b) found a strong even over odd 
predominance in Murchison and Orgueil, which was inferred as bacterial contamination. Earlier 
studies by Han et al. (1969) and Smith and Kaplan (1970) also questioned the indigeneity of long 
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chain MCAs. Therefore, care must be taken when interpreting meteorite samples, due to the 
potential for contamination and the possibility for a false positive result. This is a concern that 
relates to MOM studies, such as those employing saponification, as much as research focused on the 
FOM Fraction. 
 
The application of saponification to the study of meteorites has been limited. Gardinier et al. (2000) 
used methanolic KOH to saponify the meteorite MOM of Murchison and Orgueil prior to study using 
solid state cross polarisation-magic angle spinning (CP-MAS) 13C nuclear magnetic resonance (NMR) 
spectroscopy. No attempt was made to compare pre-saponified and post-saponified MOM or to 
address the potential introduction of exogenous carbon from methanol during saponification.       
 
This study uses GC-MS and gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-
IRMS) analyses of both FOM and saponified MOM fragments to shed light on the nature of 
meteoritic organic matter. The possible effects of bacterial contamination on MCAs within 
Murchison and Mighei and the processes that could have formed other oxygen containing FOM 
compounds are discussed. 
       
5.1. Methods 
5.1.1. Free Organic Matter Extraction 
Interior portions of the Murchison (171.5 mg) and Mighei (187.6 mg) meteorites were ground using 
an agate pestle and mortar and loaded into reaction vials. A procedural blank consisting of quartz 
sand (213.4 mg) was also prepared. The reaction vials were filled with 2 ml of deionised water, a 
magnetic stirrer was added and the vials were sealed under a nitrogen atmosphere. The vials were 
heated to 100 °C for 22 hours. After completion the supernatant was removed and the residue was 
washed three times with each of the following: water (2 ml), methanol (2 ml) and dichlorormethane 
(DCM) (2 ml). 
 
The supernatant and water washes were combined and the pH was adjusted to 2, via the addition of 
4 N HCl. Biotage Isolute ENV+ reverse solid phase extraction (SPE) cartridges were used to separate 
the MCAs from the water. The cartridges were preconditioned with 2 ml ethylacetate (2x), 2 ml 
methanol (2x), 2 ml deionised water (1x) and 2 ml deionised water at pH 2 (1x). The combined water 
extract and washes were passed through the SPE cartridges and dried under nitrogen for 20 min. 
The MCAs were eluted from the SPE cartridges with 0.5 ml ethylacetate (x3) and any water present 
was removed using Na2SO4. The ethyl acetate fractions were then concentrated under nitrogen 
before analysis using GC-MS and GC-C-IRMS.       
 
5.1.2. Saponification 
To the reaction vials from step 1, 4 ml of 1 N KOH (in H2O) was added and refluxed at 65 °C in a 
nitrogen atmosphere for 1 h (Goosens et al., 1989). Subsequently, the reaction mixture was cooled 
to room temperature and the supernatant was removed. The residue and the water used to wash 
the residue were subject to the same method discussed above 
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5.1.3. Gas Chromatography-Mass Spectrometry 
GC-MS analysis was undertaken on an Agilent Technologies 7890 GC coupled to a 5975 mass 
spectrometer. The GC injector was held at 200 °C and operated in splitless mode. An Agilent J&W 
DB-FFAP column was used with a length of 30 m, diameter of 0.25 mm and a film thickness of 0.25 
µm. The flow rate through the column was 1.1 ml/min and the oven was held initially at 60 °C for 2 
min and then increased at a rate of 10 °C/min until 220 °C and held for 10 min. The identified 
compounds were quantified using a calibration curve, which was established from running MCA 
standards at different concentrations. 
  
5.1.4. Gas Chromatography- Isotope Ratio Mass Spectrometry 
GC-C-IRMS analysis was undertaken on an Agilent Technologies 5890 GC coupled to a 252 isotope 
ratio mass spectrometer. The GC injector was held at 200 °C and operated in splitless mode. An 
Agilent J&W DB-FFAP column was used with a length of 30 m, diameter of 0.25 mm and a film 
thickness of 0.25 µm. The flow rate through the column was 1.1 ml/min and the oven was held 
initially at 60 °C for 2 min and then increased at a rate of 10 °C/min until 220 °C and held for 10 min. 
 
5.2. Results 
5.2.1. Murchison Meteorite 
5.2.1.1. Gas Chromatography-Mass Spectrometry 
Straight chain MCAs were the most abundant FOM compounds in the Murchison meteorite (Figure 
5). With the exceptions of tridecanoic, pentadecanoic and heptadecanoic acid, all MCAs from acetic 
acid to hexadecanoic acid were present. The branched MCAs 2-methyl propanoic and 3-methyl 
butanoic acid were present, along with various aromatic acids including benzoic acid, which was the 
most abundant compound extracted from the Murchison meteorite. Acetic acid had such a large 
peak size that it could not be displayed on the chromatograms and is thought to be mostly present 
as a solvent contaminant. Other than acids, several aromatic aldehydes, isophthaldehyde and 
vanillin, and the dibutyl- and dihexyl-phthalate esters were present.  A list of all the identified 
compounds and their abundances can be found in Table 1 and a representation of the compound 
structures can be found in Figure 6. 
  
Branched alkane, n-alkane and n-alkene compounds were also identified within the FOM extract of 
Murchison, but their presence within the blank (Figure 7) suggests that they are due to 
contamination introduced through the procedure and are not indigenous to the meteorite. 
 
The saponified extracts of Murchison did not yield any compounds beyond the levels of 
contamination observed within the blank.    
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Table 1: Identified compounds and their δ13C values (‰) and abundances for FOM components of the 
Murchison meteorite. The peak numbers relate to those found in Figure 5. The abundances have been 
calculated using compound specific calibration curves for propanoic to hexanoic acid and using an average 
curve calculated from these for all the other compounds. Standard deviations for the δ13C values were 
calculated from three or more sequential injections. 
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Figure 5: A chromatogram of the FOM extract of the Murchison meteorite; the numbers relate to identified peaks, which are listed in Table 1. Symbols have been used to 
highlight n-alkenes (triangle), n-alkanes (circle) and branched alkanes (square). Where possible the carbon number of the compound has been placed above its symbol. The 
most abundant compounds are MCAs and benzoic acid. The alkanes and alkenes appear in similar abundances between the blank and the meteorite extracts and thus 
originate from contamination arising from the procedure and not the meteorite itself. 
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Figure 6: A schematic of different compound classes identified in the current study and their corresponding 
structures.
39 
 
 
 
 
 
Figure 7: A chromatogram of the FOM extract of a quartz sand procedural blank with numbers relating to identified compounds: 1). butanoic acid, 2). 3-methylbutanoic 
acid, 3). hexanoic acid, 4). nonanoic acid, 5). p-tert-butylphenol, 6). 2,4-bis(1,1-dimethylethyl)phenol, 7). benzoic acid and 8). hexadecanoic acid. Symbols have been used 
to highlight n-alkenes (triangle), n-alkanes (circle), branched alkenes (asterisks) and branched alkanes (square). Where possible the carbon number of the compound has 
been placed above its symbol. The numbered peaks, with the exception of p-tert-butylphenol (5) and 2,4-bis(1,1-dimethylethyl)phenol (6), are of much greater abundance 
in the meteorite FOM extracts than in the blank. Therefore, any contribution they make to the abundances reported for the meteorite extracts are likely to be insignificant. 
However, the alkanes and alkenes are of similar abundances in the blank and meteorite extracts and are thus considered contaminants. 
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5.2.1.2. Gas Chromatography-combustion-Isotope Ratio Mass Spectrometry 
Due to the small sample size (171.5 mg) used for this study only the most abundant compounds 
were above the threshold for determining the carbon isotopic composition of FOM compounds 
extracted from Murchison. The MCAs from propanoic to octanoic acid, the branched acids 2-methyl 
propanoic and 3-methyl butanoic acid and benzoic acid were detected. The δ13C values for these 
compounds can be found in Table 1. Acetic acid was detected, but in addition to the large peak size 
the δ13C values were significantly lower than other values and thus it is thought to be a solvent 
contaminant. 
  
5.2.2. Mighei Meteorite 
5.2.2.1. Gas Chromatography-Mass Spectrometry 
The Mighei meteorite contained similar FOM compounds to Murchison (Figure 8), but lacked 
tetradecanoic and octadecanoic acid, isophthaldehyde, 4-(3-methylphenyl)butanoic acid and 3-
Methyl benzoic acid and contained additional compounds including 2,3-butandiol, 
dimethylphthalate, 2-hydroxycineole and pyranone and furanone compounds. A list of all the 
identified compounds and their abundances can be found in Table 2 and a representation of the 
compound structures can be found in Figure 6. Acetic acid was also present and thought to be 
mostly present as a solvent contaminant as in Murchison. Similarly to Murchison, the Mighei FOM 
extracts contain branched and straight alkanes and n-alkenes, which are likely due to contamination 
introduced through the procedure. In addition to the aromatic ketone, 1-(4-methylphenyl)ethanone 
reported in the Murchison FOM fraction, a series of substituted dihydro-furanones were identified in 
the Mighei FOM extract. This is the first time such compounds have been identified by GC-MS 
analysis of meteorite FOM.  
 
The saponified extracts of Mighei, like that of Murchison, did not yield any compounds beyond the 
levels of contamination observed within the blank. 
   
5.2.2.2. Gas Chromatography-combustion-Isotope Ratio Mass Spectrometry 
The abundances obtained for the FOM compounds extracted from Mighei are larger than those of 
Murchison, over 10 times in some cases. The greater abundance was reflected in the number of 
compounds that could be detected through GC-C-IRMS. In addition to the compounds detected for 
Murchison, nonanoic acid, 2,3-butandiol and 4-oxopentanoic acid yielded δ13C values (Table 2). 
However, 3-methyl butanoic acid was only detected in one GC-C-IRMS run and so the data was not 
considered trustworthy. 
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Figure 8: A chromatogram of the FOM extract of the Mighei meteorite; the numbers relate to identified peaks, which are listed in Table 2. Symbols have been used to 
highlight n-alkenes (triangle), n-alkanes (circle) and branched alkanes (square). Where possible the carbon number of the compound has been placed above its symbol. The 
most abundant compounds are MCAs, benzoic acid and furanone compounds. The alkanes and alkenes appear in similar abundances between the blank and the meteorite 
extracts and thus originate from contamination arising from the procedure and not the meteorite itself.
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Table 2: Identified compounds and their δ13C values (‰) and abundances for FOM components of the Mighei 
meteorite. The peak numbers relate to those found in Figure 8. The abundances have been calculated using 
compound specific calibration curves for propanoic to hexanoic acid and using an average curve calculated 
from these for all the other compounds. Standard deviations for the δ13C values were calculated from three or 
more sequential injections. 
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5.3. Discussion 
5.3.1. Murchison Meteorite 
The FOM extract of the Murchison meteorite reported here is similar to that described by Huang et 
al. (2005). However, the data reported here include aromatic acids, aldehydes and phenolic 
compounds, which were not reported by Huang et al. (2005). The current study uses 66 times less 
meteorite sample and thus does not detect many of the lower abundance branched acids of  Huang 
et al. (2005). However, the identification of 29 compounds indicates that the method reported here 
is effective and applicable to the study of smaller sample sizes more commonly associated with 
meteorites. 
 
On comparison of the chromatogram reported here and that from the study of Huang et al. (2005), it 
is clear that both show an even over odd predominance of longer straight chain MCAs. This feature 
is an indication of microbial contamination (Remusat et al., 2005b) and may explain the negative 
δ13C values that Huang et al. (2005) reported for these compounds. Furthermore, with the exception 
of 3-methylbutanoic acid, which is enriched in 13C and thus may be indigenous, the MCA compounds 
detected here by GC-C-IRMS in Murchison bear terrestrial δ13C values (Sephton, 2013). When the 
δ13C values for the longer straight chain MCAs are plotted against the number of carbons they give a 
near to horizontal line (Figure 9), which is consistent with microbial contamination.  
 
Given that the storage of Murchison has been in a dry terrestrial environment it is unlikely that any 
marine or freshwater microbes would have contaminated the meteorite. Heterotrophic bacteria 
have δ13C values which resemble what they have metabolised (Boschker and Middelburg, 2002). The 
lipids of the bacteria are slightly depleted (-2.7%) compared to the food source (Blair et al., 1985). If 
the high molecular weight MCAs are from heterotrophs feeding on terrestrial plant matter, then 
their source should have an average δ13C value of between -22.8 and -28.3. C3 and C4 plants have 
δ13C values around -27 and -14 respectively. Therefore, it is likely that the origin of the high 
molecular weight MCAs in Murchison is from heterotrophs that have metabolised C3 plants.  
 
The lower molecular weight MCAs do not show the same even over odd predominance as the higher 
molecular weight varieties. When their δ13C values are plotted against the number of carbons they 
give a trend with a much steeper gradient than that of the longer chain MCAs (Figure 9). Yuen et al. 
(1984) reported low molecular weight MCAs, which show a trend of decreasing δ13C value with 
increasing carbon number. This trend was explained by the synthesis of larger chain acids from 
smaller varieties, through the addition of increasingly lighter carbon (Figure 10a). In order to explain 
the trend reported here, three scenarios will be discussed in order to identify the most likely 
explanation (Figure 10). The first scenario requires that any alkane carbon being added to the 
carboxyl groups is actually becoming more enriched in 13C (Figure 10b), but kinetic arguments 
suggest that this is an implausible interpretation. Alternatively, it may be that there is some intra-
molecular isotopic heterogeneity in the Murchison organic compounds and the data here reflects 
the changing δ13C value of the carboxyl groups (Figure 10b). In order to test this, a simple mass 
balance calculation was carried out. 
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Figure 9: A plot of δ13C value (‰) against number of carbons present per a compound for the FOM MCAs in 
Murchison. The data from this study are represented as blue circles, whilst those of Yuen et al. (1984) and 
Huang et al. (2005) are shown as red diamonds and green triangles respectively. The dashed rings encircle 
branched MCA data points. The flat trend of the longer chain MCAs shows an almost constant 13C isotopic 
signature, which is consistent with an origin from microbial lipids rather than indigenous organic compounds. 
The shorter chain MCAs form a much steeper trend, which is possibly due to the preferential addition of 
shorter chain bacterial MCAs; being more volatile they are found in the atmosphere in greater concentrations 
and thus are more available as contaminants. Error bars are included where they are large enough to be 
displayed. 
 
A mass balance calculation can be used to calculate the δ13C value of the carboxyl group within a 
given MCA:  
 
 
 
Here x is the total δ13C value for the compound, b is the fraction of total carbon in CH2, a is the 
fraction of total carbon in the carboxyl group, z is the δ13C value for (CH2)(n) and y is the δ13C value 
for the carboxyl group. The δ13C value for (CH2)n can be calculated by subtracting a MCA from 
another with one more carbon atom, such as propanoic acid from butanoic acid. In the case of 
propanoic acid an average of the other z values was used.  
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Figure 10: A comparison of carbon isotopic data from different studies of Murchison MCAs. Three plots of δ13C 
value (‰) against number of carbons present per a compound are shown, including: a) a representation of the 
low molecular weight straight chain FOM MCAs in Murchison from Yuen et al. (1984); b) a hypothetical 
scenario in which the straight chain MCAs are constructed from increasingly heavier carbon; and c) the data 
from the current study. The new data suggests a microbial origin for the FOM straight chain MCAs in 
Murchison. Error bars have not been included because the standard deviations are too small to be 
represented. The dashed rings encircle branched MCA data points.  
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The carboxyl δ13C values (Table 3) can be plotted against number of carbons present in the MCAs 
(Figure 11). However, the lack of a similar increase in δ13C value with carbon number shows that an 
increase in carboxyl δ13C value cannot explain the trend observed for the low molecular weight 
MCAs.   
 
Table 3: Calculated δ13C values of MCA carboxyl groups extracted from Murchison by the current study. The 
difference in δ13C values for the low molecular weight MCAs were calculated by subtracting the value of an 
acid with one less carbon from the given MCA. The value for propanoic acid is an average of the other low 
molecular weight MCAs. The carboxyl group δ13C values (‰) were then calculated using a mass balance 
equation. 
 
 
 
 
 
 
Figure 11: A plot of carboxyl group δ13C value (‰) against number of carbons present for the low molecular 
weight FOM MCAs in Murchison. The lack of a linear trend demonstrates that a simple increase in the 13C 
content, of the source material that formed the carboxyl groups, cannot explain the increase in δ13C value of 
the shorter chain MCAs with number of carbons present. The dashed ring encircles the branched MCA data 
point. 
 
The final scenario suggests the presence of bacterial contaminants in Murchison give rise to the 
trend of δ13C values of the low molecular weight MCAs (Figure 10c). Heterotrophic bacteria can 
convert carbohydrates to short chain fatty acids, via fermentation, the most frequent products being 
acetic, propanoic and butanoic acid (Cummings et al., 1987). If heterotrophic bacteria, which had 
metabolised C3 plants, were present in the vicinity of the meteorite then the short chain MCAs 
represented in Murchison could be contaminants. Smaller chain length MCAs are more volatile and 
thus more available for air-borne contamination, this process may provide the mechanism for 13C 
depletion of propanoic acid compared to butanoic acid and pentanoic acid. Furthermore, pentanoic 
acid has not been noted as a major metabolite of bacteria and thus has a δ13C value which is higher, 
reflecting indigeneity. The light nature of 2-methylpropanoic acid reported by this study, compared 
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to that of Yuen et al. (1984), may also be explained through relative volatility; branched MCAs are 
more volatile than straight chain MCAs of the same carbon number.      
     
Gardinier et al. (2000) conducted saponification of the Murchison and Orgueil meteorites and 
analysed the residues using CP-MAS 13C NMR spectroscopy. Whilst the presence of carboxyl and 
carbonyl groups were detected and their isotopic composition deduced, how the carboxyls were 
incorporated into the meteorite MOM was not clear. There was also no attempt to study the 
fragments that might have been liberated from the MOM. This makes it unclear whether any ester 
bound material was removed and how this could affect the isotopic composition of the overall 
carboxyl content. Furthermore, the methanol used as a solvent for the saponification of the 
meteorite MOM could have methylated organic moieties and thus altered the isotopic signature of 
the meteorite MOM. The results of the current study suggest that there is little ester bound material 
within the Murchison meteorite; no carboxylic acids above the levels of the blank were observed. 
However, Watson et al. (2010) discovered aromatic and aliphatic acids within the MOM of 
Murchison using tetramethyl ammonium hydroxide in conjunction with pyrolysis. Although 
quantification was not undertaken and the absolute abundance of the acids is not known; a larger 
sample size would perhaps allow better determination of the absolute abundances using the 
method proposed here. 
 
The FOM extracts of Murchison reported here did yield aromatic acids, which suggests that at least 
some of the benzoic acid reported by (Naraoka et al., 1999) is indigenous to the FOM fractions of the 
Antarctic CM2 meteorites studied and not just due to their use of KOH to reflux the meteorite. 
Benzoic acid is relatively common in nature, present in both eukaryotes and prokaryotes (Hertweck 
et al., 2001) and the benzoic acid detected by the current study had δ13C values that were depleted 
in 13C, consistent with a terrestrial origin. Although, the array of aromatic products present, 
especially the range of substituted phthalates, suggests the indigeneity of benzoic acid. If the 
benzoic acid was liberated from the refractory component of MOM it would be expected to be δ13C 
depleted in nature (Sephton et al., 2003, Sephton et al., 2004). It may be the case that the refractory 
organic matter (ROM) component has been oxidised to aromatic acids and released during episodes 
of hydrous parent body alteration. 
 
5.3.2. Mighei Meteorite 
The greater abundance of FOM compounds, especially the aromatic acids, in Mighei compared to 
Murchison suggests that the Mighei meteorite experienced greater degrees of aqueous alteration on 
its parent body than did Murchison. Indeed, phyllosilicate to anhydrous silicate ratios of Murchison 
and Mighei support this conclusion (Howard et al., 2011). The results of the current study also 
suggest that microbial activity has contributed to the straight chain MCAs of Mighei. The GC-MS 
chromatogram of the Mighei meteorite FOM compounds shows an even over odd predominance for 
the longer straight chain MCAs. Furthermore, plotting the δ13C values against the number of carbons 
for the long straight chain MCAs produces a near straight line (Figure 8). Such a trend, as was the 
case with Murchison, can be explained by microbial contamination as a source of the MCAs present 
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in Mighei. Again, a range of δ13C values consistent with heterotrophic bacteria, sourcing their carbon 
from C3 plants, are present.  
 
The lower molecular weight MCAs show a more complex trend than those of Murchison. The plot of 
δ13C value against the number of carbons (Figure 12) indicates that 2-methylpranoic acid is not 
synthesised from the same carbon source as the straight chain MCAs. Furthermore it is not clear 
whether the low molecular weight straight chain MCAs follow a similar trend to those in Murchison. 
The butanoic acid data point has a large standard deviation and could, if it was a more precise 
measurement, plot closer to a trend line linking the propanoic and pentanoic acid data points. 
Therefore, the low molecular weight MCAs would show a similar trend to those from Murchison, 
observed in the current study. However, the butanoic acid could plot to higher δ13C values, which 
would indicate a more complicated picture of contamination.  
 
 
 
Figure 12: A plot of δ13C value (‰) against number of carbons present per a compound for the FOM MCAs in 
Mighei. The low molecular weight MCAs are represented as blue circles, whilst the higher molecular weight 
MCAs are shown as red diamonds. The branched MCA is surrounded in a dashed circle. The flat trend of the 
longer chain MCAs shows an almost constant 13C isotopic signature, which is consistent with an origin from 
microbial lipids rather than indigenous organic compounds. The lower molecular weight MCAs form a more 
complex arrangement, which may be the result of varying degrees of contamination or the precision of the 
butanoic acid data point. Error bars are included for data points where standard deviations are bigger enough 
to be displayed.  
 
A pyranone compound and a range of substituted furanones were also present within Mighei FOM 
extracts. Related compounds in Murchison MOM have been reported previously (Studier et al., 
1972, Komiya et al., 1993, Cody et al., 2011). If the compounds were bound via ether or ester 
linkages then their liberation might have occurred via the introduction of exogenous hydrogen 
during aqueous alteration. The alkyl-ether or alkyl-ester bond is weaker than the aryl-ether or aryl-
ester bond and is thus much more likely to break. This would result in the formation of phenolic and 
aromatic acid moieties still bound to the macromolecule, which have been indicated by numerous 
studies (Gardinier et al., 2000, Sephton and Gilmour, 2001, Cody et al., 2002, Remusat et al., 2005b, 
Oba and Naraoka, 2006, Sephton et al., 1999, Sephton et al., 2000, Watson et al., 2010). 
 
The interaction of hydrous parent body processes and pyran compounds may also explain the 
formation of the substituted phthalates, found in both Mighei and Murchison. Aromatic cores linked 
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to the macromolecule by differing pyran functionalities could explain the range in phthalates 
observed (Figure 13). A hypothetical 1,5-di-4H-pyranbenzene unit could be converted to 
dimethylphthalate via oxidative cleavage of the double bonds in the pyran units. Indeed, oxidative 
cleavage of aromatic molecules has been shown to break their double bonds, producing aromatic 
carboxylic acid compounds (Hayatsu et al., 1977, Remusat et al., 2005a). If the double bonds are in 
the 2H position then diethylphthalate could be generated and if the pyran is present as 
dihydropyran then dibutylphthalate could be formed. The synthesis of dihexylphthalate would 
require substituted dihydropyran rings to be present. However, further work that subjected the 
hypothetical parent compounds to oxidative chemical degradation is needed to substantiate this 
theory.   
 
 
 
 
Figure 13: The possible MOM precursor compounds that generated the phthalates in Murchison and Mighei 
through aqueous alteration. Red dash lines indicate bonds that would be broken. Hypothetical compounds 
that produced the phthalates are labelled a-d; the corresponding phthalates are a). dimethylphthalate, b). 
diethylphthalate, c). dibutlyphthalate and d). dihexylphthalate. 
              
5.4. Conclusions 
The use of SPE cartridges to separate carboxylic acids from water extracts of meteorite FOM 
provides an efficient method for analysing small sample sizes such as those associated with 
meteorites.  
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 Both Mighei and Murchison have been affected by microbial contamination and care needs to be 
taken with the curation of meteorites to prevent microbial alteration of their FOM compounds. 
Microbial activity can overprint the chromatographic and isotopic signatures of meteoritic organic 
matter; altering the even to odd predominance of peaks and affecting the isotopic composition of 
carboxylic acids. Care should be taken when using carbon isotopes to make sure that the values 
reported are not the result of microbial activity, including analysing chromatograms for even over 
odd predominance of peaks and checking δ13C values are not consistent with terrestrial sources such 
as heterotrophic bacteria.  Low molecular weight MCAs are also affected by microbial 
contamination. In Murchison the incorporation of air-borne short chain MCA metabolites was 
observed. The complex nature of the Earth’s biosphere highlights the difficulty of interpreting 
isotopic values associated with meteoritic organic matter. An increased understanding of the effects 
of curation on the preservation of meteorite organics should be sought, in order to better protect 
future samples.  
 
The large array of substituted phthalic acid, aromatic acid and ketone compounds points to an 
indigenous origin for these species. Benzoic acid is thus likely to be of extraterrestrial origin and its 
13C depleted nature an indicator of a refractory source. The greater abundance of FOM compounds 
in Mighei than Murchison suggests a higher level of alteration for the former. The presence of 
furanone and pyranone compounds indicates that this alteration was most likely aqueous in nature.   
Although previous work demonstrates that some ester bound material is present, the results of 
saponification reported here indicate that both Murchison and Mighei contain few ester bound 
compounds in line with the aqueous alteration histories of these meteorites.  
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Chapter 4 – Fourier Transform Infrared Spectroscopy of Meteorite 
Macromolecular Organic Matter and Minerals  
4.1. Introduction 
Infrared spectroscopy was among the earliest techniques used to study meteoritic organic matter 
(Hayatsu et al., 1977, Wdowiak et al., 1988). Hayatsu et al. (1977) subjected the macromolecular 
organic matter (MOM) fraction of the Murchison meteorite (CM2) to chemical degradation and 
employed infrared spectroscopy to study the liberated fragments. Wdowiak et al. (1988) paired 
Fourier transform infrared (FTIR) spectroscopy with 13C nuclear magnetic resonance (NMR) 
spectroscopy in order to study polycyclic aromatic hydrocarbons in the MOM fraction of the Orgueil 
meteorite (CI1). Later studies utilised improved technology to re-examine these meteorites and 
brought other specimens within those studied by FTIR spectroscopy (Ehrenfreund et al., 1991, 
Ehrenfreund et al., 1992, Murae, 1994, Raynal et al., 2000, Nakamura et al., 2002, Matrajt et al., 
2004, Kebukawa et al., 2010a, Kebukawa et al., 2010b, Kebukawa et al., 2011, Yesiltas and 
Kebukawa, 2016). 
 
On comparison the FTIR spectroscopic response of meteoritic organic matter, from Murchison and 
Orgueil, and interstellar medium (ISM) material indicate a similar composition and thus suggest a 
common origin for some components (Ehrenfreund et al., 1991, Ehrenfreund et al., 1992, Pendleton 
et al., 1994). However, Matrajt et al., 2004 demonstrates that Tagish Lake has longer aliphatic chains 
than ISM material and this suggests differences exist between at least some meteoritic organic 
matter and ISM material. 
 
FTIR spectroscopy has also provided evidence for the interpretation of effects of aqueous versus 
anhydrous thermal parent body alteration. Orthous-Daunay et al. (2013) has suggested that the 
differences observed in the CH2/CH3 and alkyl contents of carbonaceous chondrites of different 
classes and maturities can be explained by anhydrous thermal heating events combined with a 
heterogeneous protosolar disk. However, this does not explain the differences in the abundance of 
hydrous pyrolysis products observed among carbonaceous chondrites, which have experienced 
varying degrees of aqueous alteration (Sephton et al., 2000).     
 
The advent of FTIR spectroscopic mapping of meteorite grains allowed for the study of organic-
inorganic relationships and revealed clues about parent body alteration. Raynal et al. (2000) 
demonstrated the advantages of synchrotron source light to the mapping of carbonaceous 
chondrites, but emphasised the need for the correct sample preparation to avoid severe scattering 
of the infrared light. Kebukawa et al. (2010a) and Yesiltas and Kebukawa (2016) reported the 
association of organic matter with phyllosilicates in both the Bells and Tagish Lake meteorites. It has 
been proposed that these phyllosilicates may have acted as catalysts for the synthesis or alteration 
of organic matter (Hartman et al., 1993; Pearson et al., 2002). Furthermore, H2 released from the 
aqueous alteration of anhydrous minerals to phyllosilicates could lead to the alteration and synthesis 
of organic matter (Schulte and Shock, 2004), thus highlighting the role of these hydrated minerals in 
the formation and/or alteration of meteoritic organic matter. Phyllosilicates may have also 
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protected meteorite organic matter from oxidation, due to their ability to adsorb organic matter 
onto the interlayers (Kennedy et al., 2002; Yesiltas and Kebukawa 2016). 
 
MOM can be divided into two fractions: labile organic matter (LOM) and Refractory organic matter 
(ROM). Whilst ROM is chemically inert, LOM is attacked by processes such as hydrous pyrolysis and 
may be the source of some free organic matter (FOM) compounds (Sephton et al., 2003), such as 
mono-carboxylic acids (MCAs) and phenolic compounds (Sephton et al., 2000, Oba and Naraoka, 
2006). The source of these compounds may be ester and ether functionalities, their presence has 
been inferred from nuclear magnetic resonance (NMR) (Cody et al., 2002) and esters have also been 
identified from pyrolysis experiments involving tetramethylammonium hydroxide (TMAH) (Watson 
et al., 2010). Chemical degradation can liberate oxygen containing functionalities, such as ester and 
ether moieties. Saponification, which uses potassium hydroxide (KOH) to cleave ester bound 
material, has been used previously in the study of natural samples (Goosens et al., 1989, Höld et al., 
1998, Schaeffer-Reiss et al., 1998) and hydroiodic acid (HI) has been shown to cleave ether bonds in 
terrestrial organic matter (Blokker et al., 1998, Schouten et al., 1998, Smith and March, 2001). 
 
Here we present FTIR spectroscopic maps and spectra of two chemically degraded and undegraded 
CM2 meteorites: Murchison and Mighei. No previous study that has employed synchrotron source 
infrared has demonstrated the relationship between the free, labile and refractory fractions of 
meteoritic organic matter. The organic-inorganic relationships, chemical functionalities and the 
nature of different organic matter fractions are discussed. 
      
4.2. Methods 
Interior samples of the Murchison (171.5 mg) and Mighei (187.6 mg) meteorites were ground using 
an agate pestle and mortar and extracted with deionised water for 22 hour at 100 °C. Subsequently, 
the meteorite samples were subjected to chemical degradation; treated with potassium hydroxide 
(KOH) in water for 1 hour at 65 °C and then hydroiodic acid (HI) for 2 hours at 130 °C. Further raw 
samples of Murchison and Mighei were ground and were not extracted or degraded. 
 
Fourier transform infrared (FTIR) spectroscopy was undertaken using the synchrotron source light at 
the SMIS beamline, SOLEIL Synchrotron, France. The Thermo Nicolet continuum 2 microscope was 
set up to use transmitted infrared light with a spot size of 8 x 8 µm2 and 2 dimensional (2D) maps 
were taken as grids with 1 µm spacing. The pristine and degraded meteorite samples were each 
placed onto a diamond window and crushed by the application of a second. The second window was 
removed and the 2D maps were collected on one of the windows, in order to reduce interference 
fringing. Thin grains were preferentially targeted as they transmitted the infrared light more 
efficiently. In the FTIR maps colour indicates the affinity of a material to absorb infrared light. The 
colours, in the order from highest to lowest absorption, are: red, orange, yellow, green and blue. 
 
The 2D spectroscopic maps were captured using the Thermo Electron Corporation OMNIC and Atlµs 
software version 9, but processed using version 7.3. Three spectra were selected for each sample, 
Fityk version 0.9.8 (Wojdyr, 2010) was used to baseline correct and normalise all the spectra against 
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a common feature across all four samples. Peaks were also fitted using Fityk, and the data exported 
in order to calculate average peak centre values and peak areas with standard error of the mean 
(SEM) values. P-values (p) were obtained via the GraphPad online unpaired T-test calculator 
(Motulsky, 2017), the current study defines a statistically significant difference as one where p <.05.    
 
4.3. Results 
4.3.1. Mineralogy 
Mineral vibrational assignments (Table 4 and Figure 14) were made with the aid of the published 
literature (Gadsden, 1975, Yesiltas and Kebukawa, 2016, Henry et al., 2017). Phyllosilicate and 
carbonate minerals were detected, consistent with a matrix origin for the 2D maps (Figure 15). 
 
Table 4: The FTIR vibrational assignments of Murchison and Mighei. The assignments relate to minerals and 
organic matter present in both the pristine and chemically degraded meteorite samples. The symbol ν denotes 
a stretching vibrational mode, β a bending vibrational mode. A range indicates that the assignment relates to 
multiple peak centres (in the case of νSi-O) or a broad feature (in the case of νO-H (water)). 
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Figure 14: FTIR spectra of unaltered and chemically degraded Murchison and Mighei, split from the spectral 
maps in Figure 15: The water is likely present as adsorbed/interlayer water associated with phyllosilicate 
minerals. Str. = stretch.   
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Figure 15: 2 dimensional (2D) FTIR spectroscopic absorbance maps of unaltered and chemically degraded Murchison and Mighei. The vibrational assignments used to 
generate the maps can be found in Table 4. Colour indicates the affinity of a material to absorb infrared light, with red indicating high absorbance and blue low. The maps 
are separated into columns depending on the infrared region in which stretching vibrations are observed. Abbreviations are as follows: str. = stretch, Carb. = carboxyl, sym. 
= symmetric, asym. = asymmetric, int. =interlayer and ads. = adsorbed. H2O str. is used to indicate the O-H stretch of water. The x and y axis represent the distance over 
which the maps were taken, the scale is in µm.  
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4.3.1.1. Unaltered Meteorite Mineralogy 
The FTIR spectra are dominated by phyllosilicate peaks including: strong νSi-O modes from 700-1230 
cm-1 for Murchison and 700-1190 cm-1 for Mighei; a peak centred at 1595 cm-1 for Mighei, which is 
consistent with the H-O-H bending (β) mode of interlayer/adsorbed water found in phyllosilicates; 
the broad feature associated with νO-H of phyllosilicate interlayer/adsorbed water (3000-3700 cm-1); 
and the νO-H stretch of phyllosilicate structural OH found at 3672 and 3654 cm-1 for Murchison and 
Mighei respectively. Whilst silicates other than phyllosilicates may contribute to the νSi-O modes, 
the νSi-O band correlates strongly with both adsorbed/interlayer water and structural OH bands, 
indicating a high contribution from phyllosilicate minerals. X-ray diffraction (XRD) has also shown 
both Mighei and Murchison to contain higher modal abundances of phyllosilicates to anhydrous 
silicates, such as olivine or orthopyroxene (Howard et al., 2011).   
 
Carbonate is present as indicated by the νCO3-2 peak centred at 1412 and 1394 cm-1 for Murchison 
and Mighei respectively. The 2D maps of Murchison (Figure 15) show a strong spatial correlation 
between the carbonate and a band consistent with the βH-O-H from interlayer/adsorbed water in 
phyllosilicates. It is possible that this vibrational mode arises from water related to the carbonate 
minerals and not the phyllosilicates. Mighei also demonstrates a spatial correlation between the 
νCO3-2 and βH-O-H, but the relationship is less clear due to the high absorbance of the νSi-O band in 
this area as well.    
 
4.3.1.2. Chemically Degraded Meteorite Mineralogy 
The chemically altered samples yield spectra that bear resemblance to their undegraded 
counterparts. However, there is an absence of carbonate detected and the νSi-O modes span a 
larger range: from 700-1280 cm-1 for Murchison and 700-1300 cm-1 for Mighei. The absence of 
carbonate is expected, due to the treatment of these samples with HI, which is a strong acid. 
Similarly, the change in the Si-O vibrational mode may have been caused by the HI treatment, which 
can affect the alignment of sheets in phyllosilicates (Vicente-Rodríguez et al., 1996). 
  
In the case of the degraded Mighei sample, it was not possible to create a 2D map (Figure 15) by 
integrating over the range of values for the νO-H for adsorbed/interlayer water in the phyllosilicates. 
The range gave maps that did not seem to resemble individual peak centres. Therefore, the most 
central peak was used to calculate the 2D map.    
     
4.3.2. Organic Matter 
The unaltered Murchison and Mighei meteorites yielded FTIR spectra that are suggestive of organic-
inorganic interactions; organic compounds were detected most abundantly in the presence of 
phyllosilicates and are mostly absent in carbonate rich areas (Figure 16). The chemically degraded 
samples yielded no carbonates and demonstrated only aliphatic C-H vibrational modes; all modes 
relating to carbonyl and carboxyl groups are absent (Figure 14). However, the chemically degraded 
samples also show strong associations between organics and phyllosilicates. Vibrational assignments 
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for organic matter were made with the aid of Socrates (2004), Kebukawa et al. (2011) and Yesiltas 
and Kebukawa (2016). 
 
4.3.2.1. Unaltered Meteoritic organic matter 
The organic matter present in these samples is associated with various vibrational modes including: 
a carboxyl νO-H peak centred at 2660 and 2657 cm-1 for Murchison and Mighei respectively; an 
aliphatic νCH2 symmetric vibrational mode found at 2860 cm-1 for Murchison; an aliphatic νCH3 
symmetric vibrational mode found at 2867 cm-1 for Mighei; the aliphatic νCH2 asymmetric vibrational 
mode found at 2927 cm-1 for Murchison and Mighei; the aliphatic νCH3 asymmetric vibrational mode 
found at 2961 cm-1 for Murchison and 2962 cm-1 for Mighei; and a peak centred at 1810 cm-1 for 
Mighei, which is consistent with the νC=O of carbonyl functionalities. 
 
4.3.2.2. Chemically Degraded Meteoritic organic matter 
The vibrational modes relating to the carboxyl groups are absent in the chemically altered samples. 
However, some  bands are present at 1861 cm-1 for Murchison and 1889 cm-1 for Mighei, which are 
at higher wavelengths than the carbonyl bands recorded by Socrates (2004), although certain 
carbonyls such as those associated with pyranone bands can be found at higher wavelengths (Breda 
et al., 2004). Other vibrational assignments include the aliphatic νCH2 (Murchison) and νCH3 (Mighei) 
symmetric and νCH2 and νCH3 asymmetric vibrational modes, which are centred at 2859 and 2867 
cm-1 and 2920 and 2926 cm-1 and 2960 and 2956 cm-1 for Murchison and Mighei respectively. 
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Figure 16: 2D FTIR spectroscopic maps, selected from Figure 15, highlighting the relationships between 
phyllosilicates, carbonates and organic matter. In unaltered Murchison and Mighei the high intensity areas of 
phyllosilicates and organic matter show a strong relationship. Unaltered Murchison shows little relationship 
between the high intensity areas of carbonates and organic matter, whilst unaltered Mighei shows some 
correlation. However, the areas of high absorption for phyllosilicates and carbonates are overlapped in 
unaltered Mighei and this is likely due to these minerals being intergrown with one another, thus the organic 
matter may be related to the phyllosilicates in these regions rather than the carbonates. Chemically degraded 
Murchison and Mighei do not show responses from carbonates and this is due to their removal by HI. 
 
4.3.3. Peak Ratios 
4.3.3.1. Mineral/Mineral 
In order to quantify both differences within and between samples, ratios were calculated for 
vibrational assignments (Table 5). The mineral ratios from the unaltered samples indicate some 
complexity in the levels of interlayer/adsorbed water present within the matrix of the meteorite 
samples. The νSi-O to adsorbed/interlayer water νO-H (νO-Hwater) ratio is statistically 
indistinguishable for Murchison and Mighei (p = .081), but the phyllosilicate structural νSi-O to νO-H 
(νO-Hstructural) ratio is statistically significant (p = .038), being much lower for Mighei than Murchison. 
A further layer of complexity is observed by the phyllosilicate structural νO-Hwater/νO-Hstructural ratio, 
which is significantly higher for Murchison than Mighei (p = 0.027). The difference in CO3-2/νSi-O 
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ratios is also significant, indicating a much higher relative contribution of carbonate to Mighei than 
Murchison (p = .022). 
 
Table 5: Peak area ratios of vibrational assignments made for the FTIR spectra in Figure 14. Where multiple 
peaks were present for an assignment, the sum of these peak areas was used in the calculation of the ratios. 
Asym. refers to asymmetric stretching vibrations. All ratios are mean averages calculated from three spectra 
and a standard error of the mean (SEM) has been calculated for each.  
  
 
 
The chemically degraded meteorites yield equally complex results. The νSi-O/νO-Hwater ratio is 
significantly higher for Mighei than Murchison (p = .008) and the νSi-O/νO-Hstructural ratio is 
significantly lower for Mighei than Murchison (p = .013). However, the difference in νO-Hwater/νO-
Hstructural ratio between Murchison and Mighei is statistically indistinguishable (p = .437). The CO3-
2/νSi-O ratio could not be calculated due to the absence of carbonate in the chemically degraded 
samples.  
 
4.3.3.2. Organic/Organic 
The organic matter ratios indicate significant differences between the unaltered and chemically 
degraded meteorite samples. The νCH2 asym./νCH3 asym. ratio is significantly higher for Mighei than 
Murchison in the undegraded samples (p = .008). However, the meteorite samples show ratios that 
are statistically indistinguishable upon chemical degradation (p = .201). Furthermore, the νCH2 
asym./νCH3 asym. ratio increases greatly after chemical degradation.      
 
4.3.3.3. Organic/Mineral 
The νSi-O/νC=O ratio demonstrates a significant increase between unaltered and chemically 
degraded Mighei (p <.001). Whilst unaltered Murchison did not show a carbonyl peak, chemically 
degraded Murchison did and the νSi-O/νC=O, νO-Hwater/νC=O and νO-Hstructural/νC=O ratios are 
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statistically indistinguishable from those of Mighei (p = .598, .207 and .217 respectively). The νSi-
O/νO-Hcarboxyl and νO-Hwater/νO-Hcarboxyl ratios could only be calculated for the unaltered 
samples and are significantly higher for Mighei than Murchison (p = .005 and .012 respectively). The 
aliphatic CH2 and CH3 resulting from asymmetric stretching vibrations νSi-O to (νCHn asym) ratio 
and νO-Hstructural/νCHn asym ratio are significantly higher for unaltered Murchison than Mighei (p 
= .003 and .015 respectively), but significantly lower for chemically degraded Murchison than Mighei 
(p = .001 and .013 respectively). 
      
4.4. Discussion 
4.4.1. 2D FTIR Spectroscopic Maps 
All identified organic bands show a strong spatial correlation to the modes assigned to 
phyllosilicates, but not as strong a relationship with carbonate (Figure 15). Similar correlations 
between meteoritic organic matter, carbonate and phyllosilicates have been observed in previous 
studies (Pearson et al., 2002, Pearson et al., 2007, Garvie and Buseck, 2007, Kebukawa et al., 2010a, 
Zega et al., 2010, Floss et al., 2014, Le Guillou and Brearley, 2014, Le Guillou et al., 2014, Yesiltas and 
Kebukawa, 2016) and a variety of explanations have been proposed including: organic matter 
modification through aqueous alteration, oxidation of organics to yield carbonates and the 
alteration of silicates to phyllosilicates after the organics were formed. A review of these is 
presented in Yesiltas and Kebukawa (2016). 
 
The interaction of macromolecular organic matter (MOM), water and phyllosilicates is favoured by 
the current study. The hydrous pyrolysis studies of Sephton et al. (1999) and Sephton et al. (2000) 
indicate that free organic matter (FOM) can be generated from MOM on meteorite parent bodies 
and it would seem compatible that the hydrous alteration, which led to the formation of the 
phyllosilicates, also altered the MOM and generated the FOM. Other theories require the MOM to 
produce carbonates via oxidation (Cody and Alexander, 2005, Alexander et al., 2015, Chan et al., 
2017)  and the phyllosilicates to be present prior to MOM in order to protect them from oxidation 
(Yesiltas and Kebukawa, 2016). Indeed, Phyllosilicates, such as smectite, have been shown to adsorb 
organic matter onto their interlayers, which is thought to preserve these organic matter in marine 
shales on earth (Kennedy et al., 2002). In this case the phyllosilicates would have to be generated in 
an aqueous event prior to the generation of MOM or in areas absent of organic matter. However, 
organic matter present in the ice mantles, which would have supplied the water for serpentinisation 
(Greenberg et al., 1995, Bernstein et al., 2003, Ciesla and Sandford, 2012), could have instead been 
modified during this aqueous event, yielding the MOM and FOM found within carbonaceous 
chondrites at present. It seems more plausible that the organic molecules would have reacted with 
the phyllosilicates as they formed during this period of aqueous alteration rather than a later time. 
 
Both the chemically degraded and unaltered samples yielded FTIR spectra with aliphatic νCH2 and 
νCH3. The spectra presented here show similarities to the IR spectral group A (type 1 and 2 
chondrites) of Kebukawa et al. (2011) including: a broad  νO-H band, a triplet around 2900 cm-1 due 
to νCHn and the presence of carboxyl/carbonyl bands. However, there are some differences, such as 
the presence of aromatic assignments, which in part may be attributed to the lack of minerals 
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present in the study of Kebukawa et al. (2011). Mighei demonstrates a band at 2867 cm-1 for the 
unaltered and chemically degraded samples. This peak is consistent with νCH3 symmetric vibrations, 
whereas Murchison yielded a νCH2 symmetric peak, which was also observed by Kebukawa et al. 
(2011). Some further differences surround the nature of the carboxyl and carbonyl assignments: a 
carboxyl νC=O peak is present at ~1710 cm-1 in the IR spectral group A, but the carbonyl band 
present in the current study for Mighei is found at a higher wavenumber. It may be the case that 
Mighei has different carbonyl containing compounds present than some of the type 2 chondrites 
sampled by Kebukawa et al. (2011). Indeed, unaltered Murchison from the current study did not 
record a carbonyl peak and  Kebukawa et al. (2011) did not include the portion of their spectrum 
between 1900 and 2700 cm-1, which is where the carboxyl assignment for unaltered Murchison was 
observed. A carbonyl assignment was made for chemically degraded Murchison in this study and this 
might indicate some heterogeneity between samples. 
 
Further complexity surrounding the carbonyl functionalities present in Mighei is demonstrated by a 
disparity between the areas of maximum absorbance of νC=O compared νO-Hcarboxyl (Figure 15). 
Furthermore, chemically degraded Murchison and Mighei yielded FTIR peaks consistent with 
carbonyl functionalities, but not carboxyl groups. This indicates the presence of carbonyl 
functionalities that are not solely contained in the carboxyl groups; these are likely present as 
ketones, due to the removal of esters by HI treatment. An FTIR study of pyranone compounds found 
a band at 1846 cm-1  (Breda et al., 2004); it is possible that the bands observed in the current study 
(1861 and 1889 cm-1 for chemically degraded Murchison and Mighei respectively) are carbonyls 
related to heterocyclic compounds, indeed related compounds have been reported previously in 
meteoritic organic matter (Studier et al., 1972, Komiya et al., 1993, Cody et al., 2011).  
 
Another difference within the sample set is that unaltered Mighei shows an overlap between high 
carbonate absorption areas and those relating to phyllosilicates, indicating some intergrowth of 
these minerals, which has been observed before in the Tagish lake carbonaceous chondrite 
(Zolensky et al., 2002, Yesiltas and Kebukawa, 2016). Although the band relating to structural OH in 
the phyllosilicates demonstrates a strong spatial correlation with organic matter, the band 
associated with carbonate shows none. Unaltered Murchison records much weaker associations 
between phyllosilicates and carbonate. Undegraded Murchison also shows relatively high 
absorbance from a band related to νO-Hcarboxyl in the areas associated with both the phyllosilicates 
and carbonate. This may be indicative of some terrestrial contamination, potentially from fatty acids, 
which has been suggested by previous studies (Han et al., 1969, Smith and Kaplan, 1970, Remusat et 
al., 2005). Alternatively, the infrared absorbance could arise from organic matter, which has been 
mostly oxidised to carbonate (Chan et al., 2017).  However, the νO-Hstructural and νO-Hwater bands show 
raised levels of IR absorbance in the area relating to the carbonates and so it is possible that there 
are also some phyllosilicates in this area. The relationship may thus be between organic matter and 
phyllosilicates, rather than carbonates. 
 
Scattering of IR radiation is not thought to be a problem in the current study, because in 
transmission spectroscopy very little scattered light ever reaches the detector (Dazzi et al., 2013), 
which suggests that the most likely effects of scattered light would be decreases in intensity. 
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Scattering is most likely to occur at the edges of grains and care was taken to measure the centres of 
grains, as shown in Figure 15. The edges of the maps, closest to the edges of grains, are often 
associated with higher intensity areas and thus are unlikely to represent edge effects. Furthermore, 
the maps show variation in the spatial distribution of intensities and do not simply demonstrate a 
gradient towards the edges of the maps on smaller grains.   
       
4.4.2. Peak Ratios 
4.4.2.1. Mineral/Mineral 
The ratios between assignments relating to the phyllosilicate bands are complex and indicate a 
difference between the starting phyllosilicate to olivine/pyroxene ratios of the meteorite samples. 
The νSi-O/νO-Hwater ratio for unaltered Mighei (1.32 ± 0.05) and Murchison (1.12 ± 0.07) are 
statistically indistinguishable (p = .081), but on chemical degradation both Murchison and Mighei 
demonstrate a significant increase in this ratio (2.73 ± 0.22 and 5.21 ± 0.46) (p = .002 and .001 
respectively). This increase is not the same for both samples and the chemically degraded samples 
show significantly different values (p = .008). The νSi-O/νO-Hstructural ratio also increases for both 
Mighei and Murchison, but with the starting ratios for unaltered Murchison and Mighei being 
significantly different (p = .038).  Most phyllosilicates and olivine react with acid, but pyroxenes are 
much more resistant (Mase, 1961, Terry, 1983). Therefore, if Mighei has a higher ratio of acid 
susceptible to non-acid susceptible silicates than Murchison, then the contribution of the νSi-O 
response to the ratios would decrease by a smaller amount than that of the νO-Hwater and the νO-
Hstructural responses. Indeed, XRD has shown Mighei to contain a higher ratio of phyllosilicates + 
olivine to orthopyroxene than Murchison, 12.7 and 10.6 respectively (Howard et al., 2011), although 
heterogeneity within the meteorite samples could also be a factor. Acid treatment can also destroy 
the order within the phyllosilicate sheets structure and cause the extension of peaks assigned to νSi-
O to higher wavelengths (Vicente-Rodríguez et al., 1996), as is observed in the FTIR spectra of the 
degraded samples from this current study. 
 
The νSi-O/νCO3-2 ratio is significantly greater for unaltered Murchison than Mighei (p = .022), which 
indicates a higher relative contribution of carbonate to Mighei than Murchison. However, XRD 
indicates that Murchison and Mighei have similar modal abundances of calcite (Howard et al., 2011). 
Thus it is likely the case that the calcite is heterogeneously deposited through the meteorites from 
the current study. 
      
4.4.2.2. Organic/Organic 
The ratio of νCH2 asym. to νCH3 asym. is lower for unaltered Murchison than unaltered Mighei, 
which may indicate either shorter chain lengths or higher levels of branching present among its 
aliphatic compounds (Kebukawa et al., 2010a; Yesiltas and Kebukawa, 2016). The νCH2 asym./νCH3 
asym. ratio for Murchison from the current study is much higher than those reported for the 
Murchison, Orgueil and Bells meteorites by Kebukawa et al. (2010a), but is statistically 
indistinguishable from the values reported for Tagish Lake (Yesiltas and Kebukawa, 2016), ISM 
objects (Pendleton et al., 1994; Sandford et al., 1991) and IDPs (Flynn et al., 2003) (Table 6 and 7). 
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Mighei reports higher values, which are within the range of the Sutter’s Mill meteorite (Yesiltas et 
al., 2014) and statistically indistinguishable from IDPs, but are much higher than the values reported 
for other extraterrestrial objects such as the Wild 2 particles (Keller et al., 2006) and Murchison, 
Orgueil and Bells reported by Kebukawa et al. (2010a). The large range in values from individual 
studies and between studies and the differing values found from the current study and that of 
Kebukawa et al. (2010a) for Murchison, indicates that there is significant µm scale heterogeneity in 
the nature of hydrocarbons between and within different extraterrestrial objects, including the 
carbonaceous chondrites studied here. However, the value reported here for Murchison does 
suggest it has inherited the same organic progenitor as Tagish Lake, IDPs and ISM objects. 
 
Table 6: The νCH2 asym./νCH3 asym. ratios for different extraterrestrial objects. The coal macerals alginite, cutinite, 
resinite and vitrinite are included to highlight the large variation in terrestrial νCH2 asym./νCH3 asym. ratios.  
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Table 7: P-values comparing the statistical similarity of the samples from the current study with those of 
different extraterrestrial objects. A p-value >0.05 indicates the data are statistically indistinguishable. 
 
 
 
The similarity among some extraterrestrial material and the heterogeneity among others might be 
explained by aqueous alteration. During such events on meteorite parent bodies, large quantities of 
hydrogen are generated which could react with organic matter and aqueous fluids to destroy 
aromatic material. Schulte and Shock (2004) describe how a pyrene molecule could be converted by 
such reactions to acetic acid. It is possible that methyl and ethyl substituted aromatic matter could 
be converted to carboxylic acids and other hydrocarbons, which could increase the νCH2 asym./νCH3 
asym. ratio of the overall organic matter. Such a process would explain the lower values recorded from 
Murchison compared to Mighei, which has experienced greater degrees of aqueous alteration. In 
this scenario it is possible that the indistinguishable nature of ISM material and Murchison and 
Tagish lake (p = .250, ISM objects of Sandford et al., 1991) organic matter is due to ISM material 
being a significant progenitor of organic matter in their meteorite parent bodies. Subsequent 
aqueous alteration has thus generated differences in the νCH2 asym./νCH3 asym. ratio, which explains the 
differences between Mighei and Murchison and potentially the intermediate nature of IDP material, 
which is statistically indistinguishable from both Murchison and Mighei.         
 
The νCH2 asym./νCH3 asym. ratio is significantly higher for the chemically degraded samples (p = .002 for 
Murchison and p = .005 for Mighei) and this suggests that the refractory organic matter (ROM) that 
has been left behind contains longer and/or less highly branched aliphatic linkages or longer chain 
length substitutions upon its condensed aromatic cores, than the LOM or FOM fraction. The νCH2 
asym./νCH3 asym. ratio is also statistically indistinguishable for the chemically degraded samples (p = 
.201) and this indicates a similarity between the ROM components of Murchison and Mighei, in line 
with a common organic progenitor for this component of meteorite organic matter.   
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4.4.2.3. Organic/Mineral 
Unaltered Mighei reports a significantly higher νSi-O/νO-Hcarboxyl and νO-Hwater /ν O-Hcarboxyl ratio 
(144.64 ± 19.21 and 110.29 ± 17.50) than Murchison (34.70 ± 4.47 and 31.27 ± 4.42) (p = .005 and 
.012). This may suggest a greater relative contribution of carboxylic acids in the FOM + LOM 
component of Murchison compared to Mighei. The ratio of phyllosilicates to the silicates is similar, 
albeit higher for Mighei than Murchison (3.73 and 3.10 respectively) as demonstrated by XRD 
(Howard et al., 2011). If we assume a scenario where the MOM is altered or protected by interaction 
with phyllosilicates then a higher proportion of phyllosilicates to silicates could lead to a higher 
organic/silicate ratio and thus a lower νSi-O/νO-Hcarboxyl. Although, the opposite trend is observed 
when comparing the data presented here to that of Howard et al. (2011), which may indicate that 
Murchison accreted with greater abundances of organic matter than Mighei, or that Murchison 
contains a greater quantity of carboxyl containing organic matter in its LOM + FOM than Mighei. If 
the former hypothesis is correct then we would expect to see a greater wt% of organic matter in 
Murchison than Mighei, however the opposite is thought to be true (Kerridge, 1985). Therefore, it 
seems likely that Murchison either accreted with more carboxyl rich organic matter or the conditions 
were such that it was synthesised in greater abundances on its parent body and incorporated in it 
FOM + LOM fraction.    
 
The νSi-O/νC=O, νO-Hwater/νC=O and νO-Hstructure/νC=O ratios all show a significant increase between 
unaltered Mighei and chemically degraded Mighei (p <.001 for all three ratios), with similar values 
present for the chemically degraded Murchison sample. These trends likely indicate the loss of some 
carbonyls, potentially those associated with carboxylic acids on treatment with KOH. The carbonyls 
that are present in the chemically degraded sample are thus representative of different compounds, 
probably ketones, related to the ROM. 
 
The νSi-O/νCHn asym ratio is significantly higher for unaltered Murchison (116.91 ± 2.61) than Mighei 
(82.44 ± 4.55) (p = .003), but significantly lower for chemically degraded Murchison than Mighei (p = 
.001). The liberation of FOM and LOM leaves only ROM components behind; any aliphatic signatures 
left behind must also be present in the ROM. Thus the ratios indicate that Mighei has a higher 
relative abundance of aliphatic units present as FOM or LOM components than Murchison. If the 
values for the νSi-O/νCHn asym ratio are compared with the νSi-O/νCO3-2 ratio it is apparent that 
unaltered Mighei has both the highest relative abundance of carbonate and aliphatic CHn compared 
to its phyllosilicates, but the 2D maps shows that the organic matter is preferentially related to the 
phyllosilicates. If carbonate was produced by the oxidation of MOM (Cody and Alexander, 2005, 
Alexander et al., 2015), it would be expected that the aliphatic component would be low in relation 
to the silicates, whilst the carbonates would be high. Therefore, it is unlikely that the carbonate was 
formed in such a way. However, as mentioned earlier there is a level of heterogeneity of calcite 
within the meteorites and further constraining the ratios discussed over multiple grains of differing 
carbonate content is needed to exclude this as a potential contributor.  
        
4.5. Conclusions 
Organic material is strongly spatially related to phyllosilicates, in line with previous studies and an 
origin for Mighei and Murchison MOM and FOM via aqueous alteration of their meteorite parent 
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bodies. Carbonates show some correlation with organic material, but this is interpreted as the result 
of intergrowth with the phyllosilicates and not thought to demonstrate a primary relationship with 
the organic matter. Further evidence of this is supplied by the fact that unaltered Mighei has lower 
silicate/carbonate and silicate/asymmetric aliphatic CHn ratios than Murchison; if carbonate is 
formed from oxidation of MOM, then ratios of silicates to organic material should be comparatively 
high when high abundances of carbonate are measured. 
 
Carboxyl groups are observed in the unaltered meteorites, which are thought to be present as 
carboxylic acids in the FOM and LOM components. However, the addition of terrestrial 
contamination cannot be ruled out as a source of some of the carboxyl groups due to their 
association with carbonates in Murchison, although some phyllosilicate bands are present and may 
instead indicate a degree of carbonate-phyllosilicate intergrowth in this meteorite. The inverse 
relationship between phyllosilicate/anhydrous silicate and νSi-O/νOHcarboxyl ratios for Murchison and 
Mighei suggests that Murchison may have been accreted with a higher initial organic content than 
Mighei. However, measurements of carbon content in both meteorites suggest this is not the case, 
instead it seems likely that Murchison accreted or accumulated, through synthesis, higher 
abundances of carboxyl rich organic matter than Mighei. Carbonyl groups may in part represent 
carboxylic acids, especially in Mighei, but are also present in the ROM fraction, potentially as 
pyranone related compounds. 
 
Acid treatment of the phyllosilicates alters the ratio of νO-Hstructural and νO-Hwater to νSi-O. This is likely 
the result of preferential degradation of acid vulnerable minerals such as olivine and phyllosilicates 
compared to more acid resistant compounds, such as orthopyroxene. The extension of νSi-O peaks 
to higher wavenumbers is also an effect of HI, which acts to increase the level of disorder in the 
phyllosilicate sheets. 
 
Unaltered Mighei has a higher νCH2 asym./νCH3 asym ratio than Murchison, whilst the chemically 
degraded samples have higher νCH2 asym./νCH3 asym ratios than the unaltered ones. This indicates that 
unaltered Murchison has shorter chain length and/or more highly branched aliphatic compounds 
than Mighei and that the ROM fraction is similar between Murchison and Mighei. Furthermore, the 
results from the current study report a higher νCH2 asym./νCH3 asym ratio for Murchison than reported 
previously, with the value presented here showing a statistical similarity to other extraterrestrial 
objects, such as the Tagish lake meteorite, ISM material and IDPs. Such a relationship provides 
evidence for a common organic progenitor inherited by all carbonaceous chondrites. The difference 
in values between Murchison and other extraterrestrial objects and Mighei, might be explained by a 
scenario in which aqueous alteration leads to the exposure of organic matter to excesses of 
hydrogen and oxygen, dissolved in fluids, resulting in aromatic ring cleavage and thus an increase in 
νCH2 asym./νCH3 asym ratios.    
 
This study has investigated of the relationships between the minerals and organic matter present in 
the Murchison and Mighei CM2 chondrites. Furthermore, it has been possible to observe differences 
within the free and labile and refractory portions of the meteorite MOM. Further work should be 
69 
 
undertaken to further assess intra meteorite heterogeneity and bring more organic rich meteorites 
within those studied by synchrotron source FTIR spectroscopy. 
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Chapter 5 – 2D Raman Spectroscopy of Meteorite Macromolecular 
Organic Matter  
5.1. Introduction 
Early Raman studies of extraterrestrial material identified disordered graphite-like organic matter in 
chondrites and interplanetary dust particles (IDPs) (Christophe Michel-Lévy and Lautie, 1981a, 
Christophe Michel-Lévy and Lautie, 1981b, Fraundorf et al., 1982, Macklin et al., 1986, Allamandola 
et al., 1987, Wopenka, 1987). Many of these studies focused on the ratio of the graphite (G) band 
near 1600 cm-1 to the defect (D) band near 1350 cm-1, found within the first order region (1100-1800 
cm-1) reflecting organic matter, in order to understand the degrees of disorder in the carbon and 
thus understand the metamorphic history of meteorites and IDPs (Christophe Michel-Lévy and 
Lautie, 1981a, Christophe Michel-Lévy and Lautie, 1981b, Macklin et al., 1986, Wopenka, 1987). 
Some studies also revealed relationships between chondrites, IDPs and the Raman response of the 
interstellar medium (ISM) (Christophe Michel-Lévy and Lautie, 1981b, Fraundorf et al., 1982, 
Allamandola et al., 1987). 
 
Later studies of chondrites made use of improved technology and understanding of the Raman 
response from meteoritic organic matter. The use of confocal microscopes (Dieing et al., 2011, 
Busemann et al., 2007) and the technique of co-adding two acquisitions per spectra (Matrajt et al., 
2004) have aided Raman spectroscopic studies through improvement of the spatial resolution and 
signal to noise ratio. Computers have furthered Raman spectra interpretation through improved 
peak fitting functions, whilst 2 dimensional (2D) Raman spectroscopic techniques have been used to 
demonstrate spatial relationships within the Murchison meteorite (El Amri et al., 2005).    
 
A focus of later studies has been the use of Raman spectroscopy to indicate degrees of 
metamorphism on meteorite parent bodies. Quirico et al. (2003) studied the organic matter of 6 
unequilibrated ordinary chondrites (UOCs) and concluded that thermal metamorphism is the major 
control on the maturity of meteoritic organic matter among examples of this meteorite class. Similar 
conclusions were drawn by studies of CV3 chondrites (Bonal et al., 2006) and CO3 chondrites (Bonal 
et al., 2007), with the former introducing quantification of the thermal metamorphic grade and the 
latter employing a geothermometer. Busemann et al. (2007) studied 51 chondrites of different 
classes and concluded that they are representative of different processes; contrasting styles of 
metamorphism were responsible for the differences in ordinary, CO and oxidised and reduced CV 
chondrites, whilst the presence of amorphous carbon in more primitive meteorites (CI, CM and CR) 
was the result of sputtering, UV or particle irradiation. Busemann et al. (2007) also calibrated a 
geothermometer, which related the full width at half maximum (FWHM) of the D bands to the peak 
metamorphic temperatures (PMT)  of Huss et al. (2006).  The lack of PMT values for CM and CI 
meteorites means the PMT values reported by Busemann et al. (2007) for the primitive meteoritic 
organic matter are maximum temperatures. Furthermore, Quirico et al. (2009) suggest that the 
Raman response of organic matter is not as well correlated with thermal metamorphism as 
previously thought; instead the level of confinement (free volume), pressure and precursor 
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composition are also major factors, especially among the chondrites containing more primitive 
organic matter. 
 
Among the meteorites thought to contain the most primitive organic matter are CM2 chondrites; 
petrographic studies of type 1 and 2 chondrites have long shown them to be aqueously altered 
(Zolensky and McSween Jr, 1988). Such chondrites have been the subject of some contention over 
whether the degrees of aqueous alteration they have experienced have altered the Raman spectra 
of their organic matter. Indeed, Huss et al. (2006) did not calculate PMTs for the majority of these 
primitive organic matter bearing meteorites for exactly this reason. Hydrous pyrolysis experiments 
have demonstrated that portions of the meteorite macromolecular organic matter (MOM) are 
susceptible to aqueous alteration (Sephton et al., 1999a, Sephton et al., 1999b, Sephton et al., 
2000). Similarly, Kebukawa et al. (2011) suggests that aqueous alteration, and the subsequent 
availability of water during thermal episodes, contributed to many of the differences seen in the 
Fourier transform infrared (FTIR) responses of meteorite MOM, across different spectroscopic 
groups.  However, Busemann et al. (2007) cites the similarity of CI, CM and CR Raman responses, in 
particular plots of their D band FWHM against G band peak position, as evidence that aqueous 
alteration has had little effect on MOM. 
 
One way of assessing whether aqueous alteration affects the Raman response of primitive MOM, 
such as that in CM2 chondrites, is to simulate the effects of this phenomenon. MOM is composed of 
two fractions: labile organic matter (LOM) and refractory organic matter (ROM). Whilst ROM is 
resistant to chemical attack, LOM is liberated by processes such as hydrous pyrolysis and may be the 
originator of some free organic matter (FOM) compounds (Sephton et al., 2003), including mono-
carboxylic acids (MCAs) and phenolic compounds (Sephton et al., 2000, Oba and Naraoka, 2006). A 
potential source of these compounds is ester and ether functionalities; Cody et al. (2002) has 
suggested their presence from nuclear magnetic resonance (NMR) data and Watson et al. (2010) has 
also identified esters from pyrolysis experiments involving tetramethylammonium hydroxide 
(TMAH). Chemical degradation is able to target oxygen containing functionalities, such as ester and 
ether moieties. Saponification, which uses potassium hydroxide (KOH) to cleave ester bound 
material, has been used previously in the study of natural samples (Goosens et al., 1989, Höld et al., 
1998, Schaeffer-Reiss et al., 1998) and hydroiodic acid (HI) has been shown to cleave ether bonds in 
terrestrial organic matter (Blokker et al., 1998, Schouten et al., 1998). 
 
The current study has subjected the two CM2 chondrites, Murchison and Mighei, to both 
saponification and ether cleavage in order to assess the effects of chemical degradation on the 
Raman response of meteorite MOM. 2 dimensional (2D) spectroscopic mapping was undertaken to 
highlight any spatial relationships that may be present. The effect of aqueous alteration, spatial 
relationships and maturity of the MOM are discussed.    
 
5.2. Methods 
The current chapter analyses the same samples that were used in Chapter 3: Interior samples of the 
Murchison (171.5 mg) and Mighei (187.6 mg) meteorites were ground using an agate pestle and 
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mortar and extracted with deionised water for 22 hours at 100 °C. Subsequently, the meteorite 
samples were subjected to chemical degradation by treatment with KOH in water for 1 hour at 65 °C 
and then HI for 2 hours at 130 °C. Further samples of Murchison and Mighei were ground, but were 
not extracted or degraded.  
 
Raman spectroscopy was undertaken using a Thermo Fisher DXR microscope at the SMIS beamline, 
SOLEIL Synchrotron, France. The Raman microscope was fitted with a 532 nm laser, a 100x objective 
and a 0.8 numerical aperture with a spot size of 0.8 µm and 25 µm slit. The 2D maps were taken as 
grids with 0.5 µm spacing, each point consisting of 2 acquisitions recorded over 30 s. In the Raman 
maps colour indicates the intensity of the Raman shift. The colours, in the order from highest to 
lowest intensity, are: red, orange, yellow, green and blue. A low laser power of 0.2 mW was used to 
ensure that laser induced heating did not alter the meteoritic organic matter. The pristine and 
degraded meteorite samples were placed onto separate glass slides and grains with flat surfaces and 
spectra that displayed good signal to noise ratio were selected.  
 
The 2D spectroscopic maps were captured using the Thermo Electron Corporation OMNIC and Atlµs 
software version 9, but processed using version 7.3. Three spectra were selected for each sample, 
Fityk version 0.9.8 (Wojdyr, 2010) was used to baseline correct and fit the peaks for all samples. 
Peaks were fitted with two Lorentzian peaks in the first order region, and the data exported in order 
to calculate average peak centre values and FWHM and peak height values with associated standard 
error of the mean (SEM) values. Lorentzian peaks were chosen after fitting of the Raman spectra 
with Gaussian functions gave no consistent improvement in the standard deviations of the peak 
parameters (Table 8). Lorentzian peaks were used by Busemann et al. (2007), who also used a 532 
nm laser. The Gaussian peaks gave a visibly better fit for the lower areas of the peaks, but the main 
parameters studied here are reliant on the middle (FWHM) and upper (peak height) portions of the 
peaks, which were fitted better by the Lorentzian peaks (Figure 16).  P-values were obtained via the 
GraphPad online unpaired T-test calculator (Motulsky, 2017), the current study defines a statistically 
significant difference as one where the P-value calculated is <0.05. 
 
Table 8: A comparison of the Lorentzian and Gaussian standard deviations for the peak parameters of the 
Murchison grain 1 spectra. Note that a combination of a Lorentzian peak for G band and a Gaussian peak for D 
band peak centre and FWHM values did not produce the lowest standard deviations across all samples. 
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Figure 16: Lorentzian and Gaussian peak fits for a Raman spectra from the Murchison grain 1 sample. The data 
is shown in grey, the peak fits in red and the combination of the fitted peaks is shown in blue. 
       
5.3. Results 
5.3.1. Peak Parameters 
Organic matter can be described by its content of disorganised, or amorphous, carbon versus its 
ordered, or crystalline carbon.  In perfectly crystalline organic matter, the G band is the only peak 
found within the first order region and arises from stretching vibrations found within layers of 
graphite like material (containing mostly sp2 orbitals) and is present at ~1580 cm-1 (Tuinstra and 
Koenig, 1970, Ferrari and Robertson, 2000, Beyssac et al., 2003). The D band represents defects in 
the crystal lattice of aromatic organic matter, introduced by amorphisation (incorporation of sp3 
orbitals) and is found at ~1350 cm-1 (Ferrari and Robertson, 2000, Busemann et al, 2007). Studies 
have linked lower peak centres of G bands and the presence of further D bands, in the first order 
region, to high levels of disorder, which can arise from irradiation (Tuinstra and Koenig, 1970, 
Baratta et al., 1996, Strazzulla et al., 2001, Beyssac et al., 2003, Ferini et al., 2004), although these 
were not observed in the current study. D and G bands were detected in all the samples reported 
here as shown in Figure 17 and Table 9. 
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Figure 17: Raman spectra of unaltered and chemically degraded Murchison and Mighei. All the spectra show 
the D and G bands found within first order region. 
  
The results from the current study show very few variations in peak centres. Most organic matter 
displayed peak centres that were statistically indistinguishable (T-test results in Table 10). Only 
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Murchison grain 1 reported identifiable mineral bands; peaks centred at 247 and 317 cm-1  were 
present, which are consistent with the iron oxyhydroxide goethite (De Faria et al., 1997, Bouchard 
and Smith, 2003). 
 
Table 9: The peak centres and FWHM of the Raman shift bands (Δcm-1) assigned to the spectra in Figure 17. 
The assignments relate to organic matter present in both the pristine and chemically degraded meteorite 
samples. 
 
 
 
The FWHM of the D band (Table 9) is also linked to the level of disorder in organic matter and has 
been used as an indicator of meteoritic organic matter maturity by numerous studies (Quirico et al., 
2003, Matrajt et al., 2004, Bonal et al., 2006, Bonal et al., 2007, Busemann et al., 2007, Quirico et al., 
2009). Busemann et al., 2007 found the FWHM of the G band to be associated with a higher spread 
of values and suggested it is less useful, than the G band, for indicating the maturity of organic 
matter, although this was not the case with the data presented here. The FWHM of the G band has 
been very useful in understanding the effects of radiolytic alteration on organic matter (Baratta et 
al., 1996, Strazzulla et al., 2001, Ferini et al., 2004, Brunetto et al., 2014). The P-values of both these 
parameters (Table 10) are similar to those reported for the peak centres, in that they are nearly all 
statistically indistinguishable. Further discussion of the D and G band FWHM will appear below.  
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Table 10: The P-values relating to the peak centres and FWHM of the D and G band in Table 9. Highlighted 
values are statistically significant (P-value <0.05), indicating that there are differences in the bands and thus 
the organic matter of the meteorite grains being compared. Murch. = Murchison, Mig. = Mighei, Gr. = Grain, 
Deg. = Chemically Degraded.  
 
 
 
5.3.2. Peak Ratios  
Two of the most commonly used ratios to measure the degree of disorder present in organic matter 
are: 1) R1 (intensity [peak height] of D/G) and 2) R2 (area of D/[G+D]) (Beyssac et al., 2003). R2 is 
useful for more organised organic matter, becoming more or less constant at a value above 0.6. At 
this point the R1 ratio becomes more useful (Beyssac et al., 2003), although it is often associated 
with higher uncertainties than the R2 ratio (Beyssac et al., 2002a, Beyssac et al., 2002b). The higher 
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uncertainties likely originate from the difficulty in fitting a baseline for such poorly organised organic 
matter (Beyssac et al., 2002a, Beyssac et al., 2003). In cases where organic matter is very poorly 
organised the R1 ratio can become almost 0 (Ferrari and Robertson, 2000), however this was not 
observed in the current study. 
 
The R2 values reported here for both the unaltered and chemically degraded samples of Murchison 
and Mighei are >0.60 (Table 11), indicating that this ratio is not a useful parameter for the organic 
matter found in these CM2 meteorites. The R1 values ranged between 0.69 for chemically degraded 
Mighei grain 1 and 0.77 for chemically degraded Murchison grain 1 and 2, with P-values that 
indicated no statistically significant differences between the organic matter measured (Table 12) 
 
Table 11: Band ratios calculated for the assignments in Table 9. The R1 Ratio is an intensity ratio (peak height) 
of the D1 and G bands, whilst the R2 ratio is an area ratio of the D band over the sum of the G and D bands. 
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Table 12: The P-values relating to the ratios R1 and R2 in Table 11. All calculated values are statistically 
indistinguishable (P-value >0.05). Murch. = Murchison, Mig. = Mighei, Gr. = Grain, Deg. = Chemically Degraded. 
 
 
 
5.3.3. 2D Spectroscopic Maps 
The spatial relationships displayed by the 2D Raman spectroscopic maps (Figure 18) indicate that the 
D and G and bands are common responses from organic material found within the grains analysed 
by the current study. The organic material displaying a Raman response is also distributed 
heterogeneously within the grains, giving a more intense Raman response in certain localities within 
a given grain. 
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Figure 18: 2D Raman spectroscopic maps of unaltered and chemically degraded meteorites samples. Colour 
indicates the intensity of the Raman shift recorded for a given material, with red indicating high absorbance 
and blue low absorbance. The maps are separated into columns depending on the Raman band analysed (refer 
to Figure 17): D (defect band) and G (graphite band). The x and y axes represent the distance over which the 
maps were taken, the scale is in µm. 
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5.4. Discussion 
5.4.1. Peak Parameters 
There has been much debate over the significance of the peak centre positions and FWHM of the D 
and G bands. Beyssac et al. (2003) stated that the D band position is heavily influenced by the 
wavelength of the incident laser beam, whilst the G band is often associated with a wide range of 
values due to the presence of a second D band that forms a shoulder upon it. The D band FWHM 
was shown to display no significant correlation with G band FWHM and was thus discarded as a 
useful parameter by Beyssac et al. (2003), although their experiments were conducted on natural 
terrestrial samples. Other studies such as that of Quirico et al. (2003) have found the D band FWHM 
useful, reporting that the parameter correlates with petrographic type in unequilibrated ordinary 
chondrites, indicating that a broader D band FHWM is associated with less mature organic matter. 
Similar conclusions were reached for CV3 (Bonal et al., 2006) and CO (Bonal et al., 2007) chondrites  
and a study examining  CR, CM, CI, C, CO, CV, ordinary, CB and E chondrites (Busemann et al., 2007). 
Busemann et al. (2007) produced correlations of the G and D band peak positions with their FWHM 
values and of their FWHM values against each other, which were explained by the effects of thermal 
alteration and irradiation. In particular the D and G band widths are described as being the most 
reliable parameters for recording the effects of thermal metamorphism, whilst low G band peak 
centres are interpreted as evidence of irradiation induced amorphisation of organic matter. 
Nevertheless, the standard deviations of their G and D band peak centres are very large and make 
separating individual meteorites from each other difficult. 
 
Both the current study and that of Busemann et al. (2007) used a 532 nm laser and have fitted the D 
and G bands with Lorentzian curves, which allows for direct comparison of the peak parameters. The 
data presented here show D and G band FWHM values that are all statistically significant (Table 13) 
when compared to those of Busemann et al. (2007), with the D band FWHM values of the current 
study being smaller by roughly 50%. However, the D and G peak centre positions of Busemann et al. 
(2007) and the current study are statistically indistinguishable (Table 13). Plots of the D and G peak 
centres against D and G FWHM demonstrate this relationship (Figure 19). The standard deviations 
recorded by Busemann et al. (2007), for their D and G band peak centres, are large and overlap with 
the peak centre values of the current study, but their FWHM values are smaller and do not. The 
difference in FWHM values, of the current study and that of Busemann et al. (2007), may arise from 
errors introduced during data processing or reflect the µm scale heterogeneity observed on 
meteorite parent bodies. The removal of backgrounds, which can be very different depending on the 
level of fluorescence experienced (Quirico et al., 2005), could introduce errors in the peak shapes 
that might explain the difference in FWHM values recorded by Busemann et al. (2007) and the 
current study. Alternatively, the Raman response of meteorite organic matter could be 
heterogeneous over the µm scale (Carter and Sephton, 2013), reflecting differences in the primary 
constituents available at the time of accretion/formation and/or alteration of meteorite organic 
matter. A final explanation might be a contribution to the Raman response of meteorite organic 
matter by non-organic graphitic components, which can be present as µm sized grains in meteorites, 
including Murchison (Amari et al., 1990; Anders and Zinner, 1993; Le Guillou et al., 2012). A 
combination of all these factors may in fact be contributing to the relationships observed and 
further assessment of the heterogeneity of meteorite organic matter and the Raman response, as 
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well as the distribution of graphitic grains, over µm scales, within different carbonaceous chondrites, 
is necessary. 
 
Table 13: The P-values relating to the peak centres and FWHM of the D and G bands of the data from the 
current study and that of Busemann et al. (2007). Highlighted values are statistically significant (P-value <0.05), 
indicating that there are differences in the bands and thus the organic matter of the meteorite grains being 
compared. Murch. = Murchison, Mig. = Mighei, Gr. = Grain, Deg. = Chemically Degraded and Mur II and III  and 
Mig are samples of Murchison and Mighei, respectively, from the study of Busemann et al. (2007). 
   
 
 
Busemann et al. (2007) cites the similarity of the G and D bands of CI, CM and CR chondrites as 
evidence that aqueous alteration had little effect on the organic matter which yields a Raman 
response. In agreement, the data from the current study records peak positions for the D and G 
band and D and G band FWHM values that are nearly all statistically indistinguishable, as 
demonstrated by the P-values (Table 12). The samples that record significant values are not 
generally consistent across multiple bands to either meteorite or pre- or post-chemical degradation 
samples and this suggests that these values may be recording either heterogeneity or errors 
introduced by peak fitting or background removal. However, in the case of the Murchison grain 1 
compared to Murchison degraded grain 2, a significant p-value is recorded for both the G and D 
band peak centres. If the LOM fraction of Murchison grain 1 was sufficiently aromatic in nature then 
its liberation could affect the Raman response of meteorite organic matter. The loss of aromatic 
material, with heteroatoms and a greater quantity of in plane defects, could lead to an increase in 
the order of the remaining organic matter, which may lead to an increase in the G band position. 
Indeed, studies that have induced disorder in organic matter have demonstrated decreases in the 
peak centres of their G bands (Baratta et al. ,1996, Beyssac et al., 2003, Ferini et al., 2004, Brunetto 
et al. ,2014). Therefore, in some cases aqueous alteration may affect the Raman response of 
meteorite organic matter, although this appears to be limited.      
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Figure 19: The D and G band peak centre positions plotted against D and G FWHM values for Murchison (white 
being Murchison grain 1 or Mur II and light grey being Murchison grain 2 or Mur III) and Mighei (black being 
Mighei grain 4, Mighei degraded grain 1 or Mig and dark grey being Mighei degraded grain 1) from the current 
study (circles) and that of Busemann et al., 2007 (diamonds). Circles indicate undegraded organic matter, 
whilst stars indicate samples that have been chemically degraded. Also included are the plot areas of spectra, 
from Busemann et al., 2007, for the most primitive (blue), intermediate (green) and most thermally processed 
(red) meteorite organic matter, with coloured diamonds indicating the average value. Error bars are 1σ 
standard deviations of the mean.       
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5.4.2. Peak Ratios 
As mentioned previously the R2 ratio becomes near constant above a value of 0.60 (Beyssac et al., 
2003). This was observed for the current study for all samples. As a result R2 ratios are not useful for 
describing the disordered primitive organic matter observed in CM2 chondrites. The R1 ratios are all 
statistically indistinguishable, implying not only an inherent similarity in the order of organic matter 
between Murchison and Mighei, but indicating that aqueous alteration has not affected the Raman 
response. The absence of any statistically distinguishable R1 ratios supports the notion that the D 
and G peak centres and FWHMs record significant p-values due to µm heterogeneity or errors 
introduced during background removal. 
 
R1 ratios of perfectly crystalline graphite would be 0, but they increase to a maximum of 2 in nano-
crystalline graphite and subsequently decrease again towards 0 as the carbon becomes more 
amorphous (Ferrari and Robertson, 2000). A value of ~0.2 represents the boundary between 
amorphous carbon and tetrahedral amorphous carbon, which is the boundary between amorphous 
carbon with < and > 20% Sp3 orbitals. The values from the current study are between 0.69 and 0.77, 
which could be indicative of either an intermediate between graphitic and nano-graphitic carbon or 
between nano-graphitic and amorphous carbon. The corresponding G band peak centre of the later 
would be expected to be ~1544 (See Figure 7, Ferrari and Robertson, 2000). The G band peak 
centres of the current study are between 1590 cm-1 and 1596 cm-1, which are much closer to the 
predicted G band peak centre of an intermediate between graphitic and nano-graphitic carbon 
(~1588 cm-1).      
 
Busemann et al. (2007) report R1 values for Murchison and Mighei that are indistinguishable from 
those of the current study, although their R1 values for all the meteorites studied are associated with 
very large standard deviations. These large standard deviations make it difficult to compare the R1 
values for Murchison and Mighei from the current study to the R1 values of other meteorites of 
different petrographic grades from the study of Busemann et al. (2007).       
 
5.4.3. 2D Raman Spectroscopic Maps 
The 2D maps in Figure 17 show a heterogeneous spread of organic matter in all samples over a µm 
scale. Importantly the response from the D, and G bands are overlapping and do not deviate very 
much from each other in their spatial distribution. This observation would seem to contradict those 
of El Amri et al. (2005), they report variation in the R1 ratio across their maps, the 2D maps reported 
here seem to show a variation in overall Raman intensity rather than the intensity of any specific 
band. This may be reflected in the use of peak centres for assigning Raman bands to maps for the 
current study and ranges in that of El Amri et al. (2005). The ranges used by El Amri et al. (2005) are 
large, spanning the range of the bands found across a variety of quite distinct carbonaceous organic 
matter, including that which is like crystalline graphite (G peak centre ~1580 cm-1) and between 
nano-graphitic and amorphous carbon (G peak 1540 cm-1) (Ferrari and Robertson, 2000). The current 
study has assigned D and G bands for each sample from the more intense areas of our spectrum and 
has used these to assess variation in those bands throughout our maps. Therefore, the results of the 
current study are more specific to the samples analysed and less likely to include other spectroscopic 
features or bands. 
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The current study records a Raman response from a single mineral (goethite) in Murchison grain 1. 
The mineral goethite was also recorded by El Amri et al. (2005) and was found to be particularly 
susceptible to detection by Raman. Their study reported difficulties in measuring other minerals, 
such as olivine and pyroxene, attributing this to the coating of mineral grains by organic matter, thus 
preventing their detection. This is likely the reason for the lack of such mineral responses in the 
current study. Furthermore, the lower laser power of the current study compared to that of El Amri 
et al. (2005) would reduce the depth sampled by the laser and prevent the minerals from being 
reached. Another explanation could be fluorescence (Matrajt et al., 2004), which can mask weak 
mineral responses, although high fluorescence was not observed in the current study. 
 
5.5. Conclusions 
Chemical degradation of meteoritic organic matter to remove oxygen functionalities provides 
evidence that aqueous alteration of CM2 chondrites and likely all meteorites effects their Raman 
response in only a limited way, if at all. This is indicated by the lack of consistent significant P-values 
shown on comparison of the peak parameters and R1 ratios, with the exception of the D and G band 
peak centres on comparison of Murchison grain 1 and Murchison degraded grain 2. Further study to 
increase the number of different meteorites analysed by this technique should be undertaken in 
order to highlight any overall trends among members of the same and different classes of 
chondrites. 
 
Band-specific 2D mapping of the unaltered and chemically degraded meteorites indicates that the 
organic matter is deposited heterogeneously in terms of abundance, but is relatively homogenous in 
terms of its degree of disorder, which is representative of an intermediate between graphitic and 
nano-graphitic carbon. This is in agreement with the statistical similarity of the R1 ratio and band 
parameters found between samples of the same meteorite and between meteorites. A similarity in 
the level of disorder suggests that the ROM fraction of primitive meteorites may have originated 
from a common precursor, which has been subsequently altered to give rise to the differing Raman 
responses of other chondrite classes and petrographic types. 
 
Differing levels of fluorescence generated by different instruments, background removal and µm 
scale heterogeneity may all contribute to differences in data recorded by studies examining the 
same samples. The establishment of a common standard to help remove fluorescence backgrounds 
and better constraining the levels of µm scale heterogeneity in carbonaceous chondrites could help 
to improve the comparability of such studies. 
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Chapter 6 - The Effects of Pressure on Different Benzene Derivatives  
6.1. Introduction 
CM2 carbonaceous chondrite parent bodies contain material that has experienced a range of 
pressures, including hydrostatic and shock pressures whilst accreted within the parent body and 
those of the solar nebula prior to chondrite accretion. The calculated hydrostatic pressures of the 
interior of Ceres, the largest planetesimal, are 0.14-0.20 GPa (Zolotov, 2009), whilst pressures in the 
inner solar nebula are much lower, having been estimated at between 1×10-10 and 1×10-7 GPa (Ebel 
and Grossman, 2000). Shock pressures are much higher than parent body hydrostatic and nebula 
pressures. Murchison is an aggregate of grains that have experienced low and high pressures (up to 
10 GPa) and Murray and Mighei both contain at least one grain recording pressures up to 10 GPa 
(Scott et al., 1992). Cai and Katrusiak (2012) report that pressure applied to aromatic molecules, 
containing oxygen functional groups in the presence of water, at pressures of ~1.5 GPa can form 
ester bonds. Thus impact induced shock pressures may provide a plausible mechanism for 
constructing complex macromolecules out of simpler organic precursors via oxygen containing 
linkages. However, it is important to understand the effects of the pressure regimes, which may 
have operated on meteorite parent bodies, due to the tendency for impacts to initiate localised 
heating events that may destroy the organic matter present. Studies have subjected different 
compounds found within meteorites, such as sugars, amino acids and polycyclic aromatic 
hydrocarbons, to impacts, some within mineral matrixes that are similar to those of carbonaceous 
chondrites, and have discovered that at pressures of up to 30 GPa detectable abundances of the 
organic compounds were not vaporised (Bertrand et al., 2005; Mimura et al., 2005; Mimura and 
Toyama, 2005; McCaffrey et al., 2014). If organic compounds in carbonaceous chondrites can 
withstand shock pressures and their associated temperatures, then the effect of pressure on the 
CM2 organic matter cargo is of great relevance to understanding the chemistry of the early solar 
system. 
 
Very few pressure studies have been undertaken on cosmologically relevant organic molecules. 
Meteorite organic matter is host to a diverse collection of aromatic molecules. Aromatic acids are 
among the most abundant compounds found within the free organic matter (FOM) fraction of 
carbonaceous chondrites, such as Orgueil (CI1), Murchison (CM2) and Tagish Lake (C2 Ungrouped) 
(Pizzarello et al., 2001, Martins et al., 2006). The macromolecular organic matter (MOM) fraction of 
Murchison has also yielded aromatic acids as methyl derivatives after treatment with 
tetramethylammonium hydroxide (TMAH) and pyrolysis (Watson et al., 2010).  
 
Due to the complexity of meteorite organic matter, the current study will focus on model 
compounds that could represent the aromatic components of the initial precursor compounds, but 
also the aromatic acids or ketones found within the soluble portion and aromatic cores found within 
the insoluble portion of present day meteorite organic matter. The molecules isophthalic acid, 
vanillin and vanillic acid (Figure 20) are all benzene derivatives but with different substituent groups. 
Isophthalic acid (C8H6O4), a benzene dicarboxylic acid, has been found in the FOM extracts (Martins 
et al., 2006) and among the MOM degradation products (Watson et al., 2010) of Murchison.  Vanillin 
(C8H8O3) supports alcohol, methoxy and aldehyde functionalities and vanillic acid (C8H8O4) differs 
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from vanillin only in that it possesses a carboxyl group in place of the aldehyde. Both the latter two 
compounds have been selected because they are representative of side groups, which are thought 
to be present on aromatic units within MOM (Cody et al., 2002, Watson et al., 2010).  
 
 
 
Figure 20:  The chemical structures of the benzene derivatives isophthalic acid, vanillin and vanillic acid. The 
top diagrams show the hydrogen bonding within the carboxyl or aldehyde groups of the molecules, whilst the 
bottom diagrams demonstrate possible hydrogen bonds between layers of molecules. The blue dashed lines 
indicate the hydrogen bonds responsible for the formation of dimers at ambient pressures and temperatures 
recognised by crystallographic studies (Derissen, 1974, Velavan et al., 1995, Kozlevčar et al., 2006). The orange 
dashed lines represent other hydrogen bonds that may occur between individual molecules and the green 
dashed lines represent potential changes to hydrogen bonding with a change in pressure. The structures were 
obtained from the Cambridge Structural Database (Derissen, 1974, Lee et al., 2012, Kozlevčar et al., 2006) and 
have been aligned to illustrate hydrogen bonding, rather than along specific crystallographic axes.  
 
All three compounds are monoclinic and have a crystal unit cell composed of four molecules, which 
form dimers connected by a pair of intermolecular hydrogen bonds in the case of isophthalic 
(Derissen, 1974) and vanillic acid (Kozlevčar et al., 2006) and a single intermolecular hydrogen bond 
in the case of vanillin (Velavan et al., 1995). Further details concerning the structural parameters of 
these benzene derivatives can be found in Table 13. 
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Table 13: Structural parameters and numbers of potential hydrogen bonds and repulsions between atoms in 
the crystals of isophthalic acid, vanillin and vanillic acid. 
  
 
 
No previous studies have attempted to study the effects of high pressure on our selected benzene 
derivatives. There have been multiple studies concerning benzoic acid, which consists of a benzene 
ring and carboxyl group like vanillic acid, but without the additional alcohol and methoxy 
functionalities. Horsewill et al. (1994) undertook the first study of benzoic acid under pressure using 
NMR and concluded that two phase transitions were present, one at 0.1 and the other at 0.4 GPa. 
Wang et al. (2005) used a combination of Raman and photoluminescence spectroscopy to determine 
three phase transitions (at 0.55, 3.67 and 11.10 GPa), with the third phase transition relating to the 
amorphisation of benzoic acid to its anhydride form. A further Raman study suggested a phase 
transition between 6-8 GPa, resulting from changes to the symmetry of the hydrogen bonding (Tao 
et al., 2014). However, phase transitions up to 18 GPa were disputed by Kang et al. (2016). Similarly, 
Cai and Katrusiak (2012) did not record phase transitions in their X-ray diffraction studies of benzoic 
acid. Instead they described the shortening of hydrogen bonds and the decrease in distance 
between oxygen atoms in carboxyl groups at pressures above 0.5 GPa.      
 
Previously, Fourier Transform Infrared (FTIR) spectroscopy has been used to monitor the influence of 
pressure on organic molecules. FTIR spectroscopy was used to recognize the point at which laser-
induced pressure reduction converted benzene to an amorphous solid (Ciabini et al., 2002). Similarly 
FTIR spectroscopy was used to determine the melting curve of formic acid (Montgomery et al., 2005) 
and assess the stabilities of polycyclic aromatic hydrocarbons under pressure (O’Bannon III and 
Williams, 2015, Jennings et al., 2010). More recently, FTIR spectroscopy aided the determination of 
hydrogen bond symmetrisation in a study of glycinium oxalate under pressure (Bhatt et al., 2016). In 
the wider field of astrochemistry, studies of FTIR responses under pressure for aromatic molecules 
have led to the development of the first organic cosmo-barometer (Montgomery et al., 2014).  
 
Here we report the effects of different substituent groups on the molecular response of molecular 
crystals to high pressures, up to 11.5 GPa, and associated hydrogen bond formation. The pressures 
chosen overlap with the lower peak shock pressures of some impact simulation studies. The data 
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have implications for constraining the effects of pressure on the organic matter found within 
meteorites.  
 
6.2. Methods 
Isophthalic acid, vanillin and vanillic acid were loaded separately into a membrane driven diamond 
anvil cell (Figure 21) (DAC) and subjected to pressures up to 11.5 GPa. In situ high pressure 
synchrotron source FTIR spectroscopy was used to observe changes to the bonding of the 
compounds. A 0.15 mm thick pre-indented gasket, containing a sample chamber hole of 0.25 mm in 
diameter, was placed between two Type-II diamonds with 0.5 mm cutlets. Within the sample 
chamber a caesium iodide (CsI) window was created. The sample crystal was placed onto the CsI 
window along with a ruby (0.05 mm sphere) for measuring pressure. 
 
 
 
Figure 21: A schematic of a loaded diamond anvil cell where the white rectangle represents an organic crystal, 
whilst the red circle represents a ruby (a close up view of this is shown on the right hand side of the Figure). 
The arrangement is mounted on top of a CsI window. 
 
The pressure was observed throughout the duration of the experiment using the ruby florescence 
technique (Mao et al., 1986). The error in the pressure calculation relating to the precision of the 
spectrometer unit was less than 0.01 GPa and the uncertainty of the pressure in the DAC resulting 
from nonhydrostatic conditions was estimated to be ±0.1 GPa(Jennings et al., 2010). The pressure 
was increased incrementally by 0.5 GPa to 3 GPa and then by 1 GPa to above 10 GPa where the 
pressure was decreased by 2.5 GPa until the minimum pressure was reached. Further details 
regarding the apparatus and methodology can be accessed elsewhere (Jennings et al., 2010, 
Montgomery et al., 2014). 
  
Transmission FTIR micro-spectrometry was undertaken using synchrotron source light at the SMIS 
beamline, SOLEIL Synchrotron, France. The beamline is host to a custom-made horizontal infrared 
microscope, with two Schwarzschild objectives (47 mm working distance, NA 0.5) yielding a 22 
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micron (full width at half maximum) IR spot and 4 cm-1 resolution. The system spectrometer is a 
Nexus 6700 (Dumas et al., 2006), operated concurrently with the liquid N2-cooled MCT/A detector.  
 
Background spectra were taken at every measured pressure in a blank area of the sample chamber 
before the acquisition of sample spectra. The corresponding background signal for a given pressure 
was removed from the sample spectra. The resulting spectra were truncated to yield two files using 
Fityk (Wojdyr, 2010), a low wave number region (650-1800 cm-1) and a high wavenumber region 
(2600-3700 cm-1), omitting the region of interference generated by the diamond. The high 
wavenumber region experiences fringing resulting from reflections between internal and external 
diamond faces, which were removed by a custom program. The peaks were fitted as Gaussian peaks 
using Fityk, in order to demonstrate peak centre shifts. 
 
6.3. Results 
The vibrational assignments of key functionalities are reported at ambient pressure and summarized 
in Table 14. Observed peaks are referred to by their ambient wavelength centre at the lowest 
pressure and highest amplitude. Spectra are displayed for each pressure for a given molecule where 
data are simple. Pressure vs peak centre plots are provided where the data are complex. 
 
Table 14: A summary of the key vibrational assignments for isophthalic acid (Varsányi, 1974), vanillin 
(Balachandran and Parimala, 2012) and vanillic acid (Clavijo et al., 2008). Vibrational assignments are reported 
at ambient pressure with the units cm-1. 
 
 
 
5.3.1. Vibrational Assignments 
Vibrations can refer to a variety of motions; stretching vibrations are the major focus of this study. 
However, the bending modes of the OH and 18b in isophthalic acid are discussed. The character “ν” 
is used to denote internal stretching vibrations of a substituent, whilst “β” is used to represent the 
bending vibrations where the atoms retain a well-defined plane. The numbers and letters “8a”, “8b”, 
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“19a” and “19b” describe different tangential C-C stretching vibrations found within the benzene 
ring. The other stretching vibration of importance in this study is “13”, which describes one of the 
radial C-X stretching vibrations of the benzene ring. The vibration 18b is unlike the other normal 
vibrations of benzene mentioned so far, and represents an in-plane bending vibration. More 
specifically, the 18b vibration is a translational mode resulting from the displacement of a carbon 
atom due to the angular momentum of its bonded hydrogen. The assignments of 8a, 8b, 19a, 19b, 
and 13 were taken from Varsányi (Varsányi, 1974).   
 
Isophthalic acid (C8H6O4): Peak assignments have not been made previously for isophthalic acid. Here 
we assign peaks to isophthalic acid, guided by those published for phthalic acid (Varsányi, 1974): 
βOH (1417cm-1), νC=O (1685 cm-1),  νOH (3081 cm-1), 8a (1608 cm-1), 8b (1581 cm-1), 13 (1078 cm-1), 
18b (1102 cm-1), 19a (1457 cm-1) and 19b (1487 cm-1).  
 
Vanillin (C8H8O3): Peak assignments have been made formerly (Balachandran and Parimala, 2012) 
and those of interest to the current work are: νCO-CH3 (1025 cm-1), νCO (1192, 1249 cm-1), νC=O 
(1687 cm-1), νsymCHn (2917 cm-1), νasymCHn (2933, 2967 cm-1) and νOH (3212 cm-1).  
 
Vanillic acid (C8H8O4): Peak assignments have been made previously (Clavijo et al., 2008) and those 
of interest to the present study are: νCO (1205, 1282cm-1), νC=O (1680 cm-1), νsymCHn (2857 cm-1), 
νasymCHn (2954, 2989 cm-1) and νOH (3485 cm-1). Additionally, νCO-CH3 (1028 cm-1) has been inferred 
from comparison with the vanillin spectra. 
 
6.4. Discussion 
6.4.1. Lower Wavenumber 
At lower wavenumbers the behaviour of isophthalic acid is quite complex (Figure 22); the 18b and 13 
peaks converge and finally coalesce by 6 GPa and the νC=O response moves towards the 8a peak 
before diverging and then finally merging after 8 GPa. The convergence of the 18b and 13 peaks 
suggests a limitation on their translational bending and radial C-X stretching movements respectively 
with increasing pressure. The C-C stretching vibrations associated with the 8a, 8b, 19a and 19b peaks 
appear to be relatively unaffected by increasing pressure, only showing the typical red shift during 
pressurisation (Jennings et al., 2010, O’Bannon III and Williams, 2015). The νC=O response adds an 
extra layer of complexity; it appears that the stretching vibrations associated with this peak both 
increase and decrease with pressurisation. Although it is not clear why this complex behaviour may 
occur, the formation of a new peak (3139 cm-1) coincides with the divergence of the νC=O response 
around 4 GPa (Figure 23). 
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Figure 22: The low wavenumber FTIR peak centres of isophthalic acid during pressurisation up to 9.5 GPa and 
subsequent decompression to 1.3 GPa. Note the merging of the 18b peak (green) with the 13 peak (orange) 
and the undulating νC=O peak centre (red) and its final coalescence with the 8a peak (blue). 
 
 
 
Figure 23: The low wavenumber FTIR spectra of the 8b, 8a and νC=O peaks of isophthalic acid during 
pressurisation up to 9.5 GPa and subsequent decompression to 1.3 GPa. Note the convergence of the 8a and 
νC=O peaks towards 4 GPa and their subsequent divergence to 6 GPa, before they finally merge at around 8 
GPa. Similar behaviour is also reported in reverse on decompression. 
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At lower wavenumbers vanillin shows only minor variation (Figure 24). The major change is the loss 
of the νC=O peak at pressures above ambient, which implies either the loss or suppression of the 
C=O bond at higher pressures. 
 
 
 
Figure 24: The low wavenumber FTIR spectra of vanillin during pressurisation up to 10 GPa and subsequent 
decompression to 2.8 GPa. 
 
Vanillic acid varies only slightly in the lower wavenumber region (Figure 25). The notable changes 
include the splitting of the lower wavenumber νCO peak and the trend of decreasing νC=O peak 
amplitude with increasing pressure. 
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Figure 25: The low wavenumber FTIR spectra of vanillic acid during pressurisation up to 11.5 GPa and 
subsequent decompression to 1.0 GPa. 
 
6.4.2. Higher Wavenumber 
The higher wavenumber region of isophthalic acid depicts the νOH peak (3081 cm-1) (Figure 26a), but 
no red shift is present suggesting that the O-H bond remains stable during the pressures experienced 
in this study. More significant, is the appearance of a separate peak (3139 cm-1) at 4 GPa, which 
persists to 9.5 GPa, the maximum pressure reached during this experiment. The peak (3127 cm-1) 
then disappears by 5 GPa during decompression. This peak could arise from the formation of further 
intermolecular hydrogen bonds between the carboxyl functionalities of isophthalic acid or between 
carboxyl oxygen and aromatic ring or methoxy hydrogen (Figure 20).  
 
The higher wavenumber region of vanillin exhibits the typical redshift of the νOH peak with 
increasing pressure (Figure 26b). However, unlike isophthalic acid, there is no evidence of a separate 
peak forming. This indicates a lack of further hydrogen bond formation within vanillin at higher 
pressures, likely due to the lack of a carboxyl group. 
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Figure 26: The high wavenumber FTIR spectra of a) isophthalic acid, b) vanillin and c) vanillic acid during 
pressurisation and subsequent decompression. In the spectra of isophthalic acid the red dot highlights the 
appearance of a new peak at around 4 GPa, which persists to the highest pressure utilized in this experiment. 
The vanillic acid spectra show three peaks in the high wavenumber region apart from the νOH peak: C-H ring 
stretch (3098 cm-1) and two peaks that potentially relate to hydrogen bonds. The first peak is present at 
ambient (3139 cm-1) and the second (red dot) is first seen at 5.1 GPa. Vanillin does not produce any new peaks 
at high pressure, but does demonstrate a red shift with increasing pressure.  
 
The higher wavenumber region of vanillic acid (Figure 26c) shows a redshift of the νOH peak (3485 
cm-1) similar to that observed for vanillin. A separate peak is not superposed on the νOH peak as was 
observed in the case of isophthalic acid. However, there are three peaks found within the area 
associated with C-Hn bonding. The peak found at 3098 cm-1 is due to the C-H ring stretch, but the 
other two have not been previously reported. At ambient pressure, only one of these peaks is 
present (3139 cm-1) and this peak increases in amplitude with increasing pressure up to 6.1 GPa, 
after which it remains constant, before decreasing on depressurisation. The other peak is first seen 
at 5.1 GPa and has begun to merge with the νOH peak by 10.1 GPa. Tao et al. (2014) reported two 
peaks in a similar region in their Raman study of benzoic acid (3154 and 3163 cm-1), which form 
between 6 and 8 GPa. It is not clear what modes these relate to and thus whether they are infrared 
active, but there is a possibility that these may relate to the formation of intramolecular hydrogen 
bonds between the carboxyl oxygen and aromatic ring hydrogen of different vanillic acid molecules 
(Figure 20). Similarly, Chang et al. (2004) reports the appearance of two peaks (2891 and 2994 cm-1) 
associated with the formation of C-H---O hydrogen bonds at around 1.9 GPa, in solutions of 1,4-
dioxane and D2O.   
 
The distances between nearest neighbours can be affected by pressure (Cysewski, 2015) and this 
may help to explain the appearance of new peaks in isophthalic and vanillic acid. Figure 20 
demonstrates that there is the potential for numerous C-H---O hydrogen bonds in both isophthalic 
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and vanillic acid. With increasing pressure, the distances between C-H on both the aromatic rings 
and methoxy functionalities and oxygen atoms becomes shorter and this may result in the formation 
of C-H---O hydrogen bonds (Chang et al., 2004). It is also the case that the distance between oxygen 
atoms and hydrogens will decrease and this may result in an increase in the strengths of repulsions, 
although these can be overcome by the increased attraction of C-H---O and O-H---O hydrogen bonds, 
with increasing pressure (Marciniak et al., 2016, Patyk-Kaźmierczak et al., 2016). In the case of 
isophthalic and vanillic acid, the reason for the appearance of peaks in the νO-H and νC-Hn regions, 
respectively, may be the result of C-H---O bond forming between the either the aromatic or methoxy 
C-H and the C-O-H of their carboxyl groups. Vanillin does not possess a carboxyl functionality, and 
contains an aldehyde group instead. Peak formation could also arise from symmetric changes to the 
crystals of isophthalic or vanillic acid arising from C-H---O bond formation or changes to the lengths 
of both these and classic hydrogen bonds (O-H---O).  Indeed the increase in amplitude of the peak at 
3139 cm-1 (Figure 26c) in vanillic acid at higher pressures may result from the lengthening of a 
hydrogen bond, caused by reorganisation of the molecules in the crystal structure. Symmetric 
changes in the carboxyl groups have been described as the cause of this in benzoic acid (Tao et al., 
2014).  
 
An alternative explanation might be a change in the nature of interactions between the dimerised 
carboxyl groups of isophthalic and vanillic acid. An increase in hydrostatic pressure can reduce the 
distance between oxygen atoms and hydrogen bond lengths in carboxyl groups, forcing these 
functionalities closer together and potentially facilitating the formation of different intramolecular 
hydrogen bonds, C---H-O and C=O---H, through H-hopping (Cai and Katrusiak, 2012, Cysewski, 2015). 
This change in hydrogen bond dynamics may introduce new peaks as a direct result of these new 
hydrogen bonds or as a result of crystal wide symmetry changes resulting from different bond 
parameters.  
 
The formation of hydrogen bonds with increasing pressure is of potential interest to the formation 
of MOM from simpler precursors because of the role of pressure on meteorite parent bodies. 
Hydrostatic pressures on meteorite parent bodies are low compared to those related to impacts, 
~0.14-0.2 GPa in the interior of Ceres (Zolotov, 2009), the largest planetesimal, but they are 
sufficient to influence the rates of reaction of many chemical reactions (Klärner and Wurche, 2000). 
However, Shock pressures are much higher, with pressures of up to 10 GPa being recorded by grains 
in CM2 chondrites. The effects of these pressures on meteoritic organic matter are very significant 
due to the facilitation of hydrogen bonding that has been observed by the current study. Hydrogen 
bond interactions may have allowed the assembling of individual aromatic units, as observed in the 
interstellar medium and meteorite FOM, into a MOM network containing oxygen containing linkages 
such as ether or ester bonds. Indeed, it was demonstrated by Cai and Katrusiak (2012) that 
esterification can occur between benzoic acid units, in methanol and ethanol, at 1.48 GPa and 483 K. 
   
6.5. Conclusions 
Three organic model compounds, with chemical relevance to the organic matter within meteorites, 
were investigated for their responses to pressure. Synchrotron FTIR data reveal that the lower 
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wavenumber regions of the three benzene derivatives are significantly different. Isophthalic acid 
demonstrates the highest degree of complexity; translational and radial skeletal stretching 
movements are reduced with increasing pressure whilst C-C stretching vibrations are unaffected. 
Meanwhile, the νC=O stretching vibrations appear to both increase and decrease during 
pressurisation. Vanillin displays the least complex response to increasing pressure, with only the loss 
of the νC=O peak above ambient pressure notable. With increasing pressure vanillic acid displays 
splitting of the lower wavenumber νCO peak and a decrease in the amplitude of the νC=O peak. 
 
At higher wave numbers the spectra of both isophthalic acid and vanillic acid record peaks that may 
relate to C-H---O hydrogen bond formation. However, the peak at 3139 cm-1 in vanillic acid, which 
increases in amplitude with higher pressures, may represent hydrogen bond lengthening, potentially 
resulting from changes in the symmetries of the carboxyl groups present. 
   
Oxygen containing substituent groups facilitate the formation of intermolecular hydrogen bonding 
during the application of pressure. It appears that in isophthalic and vanillic acid the presence of a 
carboxyl side chain gives rise to greater hydrogen bridging than in vanillin. The role of the methoxy 
group may lead to hydrogen bond formation between methoxy hydrogen and alcohol oxygen as well 
as between methoxy oxygen and aldehyde hydrogen at increased pressure in vanillin and give rise to 
bond lengthening and further formation of intermolecular hydrogen bonds in vanillic acid at 
increased pressure. The migration of the νC=O peak in isophthalic acid is not fully understood, but 
the formation of C-H---O intermolecular hydrogen bonds between different molecules may be 
responsible. This may occur either through the interaction of different substituent groups or H-
hopping between two carboxyl groups. 
 
The presence of certain functional groups seems to promote the formation of hydrogen bonds under 
pressure. Hydrogen bond formation may be a precursor to esterification and thus the cross linking of 
aromatic molecules to form organic polymers. The findings reported here may help to constrain the 
origin of some meteorite MOM units, potentially arising from high pressure events, such as impacts 
on meteorite parent bodies. MOM is thought to contain numerous ester and ether linkages. The 
recognition of pressure-induced intermolecular hydrogen bond formation that promotes the 
assembly of organic networks from oxygen containing aromatic precursors will help the 
identification of records of such processes in meteorite organic matter. Future work, such as the 
undertaking of high pressure neutron diffraction studies, will allow better understanding of the 
formation of hydrogen bonds, in these molecules under pressure.  
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Chapter 7 – Conclusions and Future Work  
7.1. Conclusions 
The current study has employed a range of analytical techniques, including gas chromatography-
mass spectrometry (GC-MS), gas chromatography-combustion-isotope ratio mass spectrometry (GC-
C-IRMS), Fourier transform infrared (FTIR) and Raman spectroscopy, to investigate the nature of 
meteorite organic matter, with a particular focus on the macromolecular organic matter (MOM) 
fraction. The investigation has been undertaken with the aim of gaining valuable knowledge 
concerning the organic chemical processes occurring in the early solar system. 
 
7.1.1. The Structure of and functional groups within meteorite organic matter 
GC-MS analysis of water extracts demonstrates that both Murchison and Mighei contain a wide 
array of free organic matter (FOM) compounds. Monocarboxylic acids were the most abundant 
compounds extracted, although they recorded both an isotopically light carbon signature (GC-C-
IRMS) and an even over odd predominance in their GC-MS chromatograms, which confirmed they 
are biological in origin. Furthermore, the carbon isotopes were consistent with a heterotrophic 
bacterial source, a finding that has implications for the curation of organic rich meteorites. 
 
Despite the presence of microbial contamination, some FOM compounds are thought to indigenous, 
such as the large array of substituted phthalic acid, aromatic acid and ketone compounds. In 
particular Benzoic acid is present in both Murchison and Mighei and records an isotopic signature, 
which whilst light, is consistent with a refractory organic matter (ROM) source. The phthalic acid 
compounds bare similarities to pyran parent structures identified in MOM and their liberation and 
oxidation during aqueous alteration, on meteorite parent bodies, provides a potential explanation to 
their presence in FOM extracts. 
 
FTIR spectroscopy has also provided information on the presence of functional groups within the 
organic matter fractions of Murchison and Mighei. Carboxyl groups were observed in the unaltered 
meteorites, in line with the presence of carboxylic acids in the GC-MS chromatograms of FOM 
extracts.  After chemical degradation, peaks relating to carboxyl groups were not present, instead 
peaks relating to carbonyl compounds were observed in both Murchison and Mighei and match 
closely those found in pyranone compounds. This finding supports the theory of a MOM origin for 
some of the phthalic acid compounds. Aqueous alteration may not be able to attack these 
compounds on lab timescales, but may have been effective over the millions of years during which 
aqueous alteration is thought to have occurred. 
              
7.1.2. The similarity of meteorite organic matter 
GC-MS analysis shows that Mighei records higher abundances of FOM compounds, such as 
monocarboxylic acids, than Murchison and this suggests that Mighei has experienced a greater level 
of aqueous alteration, which is in agreement with petrographic studies. 
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Statistics allows us to quantify the difference between populations of data and thus constrain the 
level of homogeneity between different organic matter fractions or samples. The νCH2 asym./νCH3 asym. 
ratios of different extraterrestrial organic matter show complex relationships. The values reported 
for Murchison and Mighei are statistically distinguishable, but yet both are indistinguishable from 
IDPs and Murchison is also indistinguishable from the Tagish lake meteorite and interstellar medium 
(ISM) material. It is possible that the range in values observed between meteorites can be explained 
by differing levels of aqueous alteration on their parent bodies. ISM νCH2 asym./νCH3 asym. values were 
likely generated by processes involving irradiation and ice mantles, their similarity to Murchison and 
Tagish lake suggests that carbonaceous chondrites may have accreted with significant quantities of 
ISM organic matter. If the progenitor of meteorite organic matter consisted of sufficiently aromatic 
material, then aqueous alteration could expose it to excesses of hydrogen and water, which could 
lead to aromatic ring cleavage and the generation of hydrocarbons, such as carboxylic acids (Schulte 
and Shock 2004), and if this aromatic progenitor had methyl or ethyl substitutions then the νCH2 
asym./νCH3 asym. ratio of the products, and thus meteorite organic matter, would increase. 
Interplanetary dust particles (IDPs) are statistically indistinguishable from both Murchison and 
Mighei and might represent objects that have experienced intermediate levels of aqueous 
alteration. The organic repositories of meteorites may thus represent a combination of accreted 
organic matter with certain νCH2 asym./νCH3 asym. values and and altered organic matter with greater 
νCH2 asym./νCH3 asym. Furthermore, the ROM fractions of Murchison and Mighei, isolated after 
chemical degradation, report νCH2 asym./νCH3 asym. values that are statistically indistinguishable and 
this indicates a homogeneity among the ROM components of these CM2 chondrites that is 
compatible with the concept of a common organic progenitor accreted by all carbonaceous 
chondrite parent bodies. 
 
Raman spectroscopy of meteorite organic matter does not give information concerning functional 
groups, but it does provide a constraint on the level of disorder within its structure. A comparison of 
the defect (D) and graphite (G) band peak parameters (peak centre and FWHM) and R1 ratios for 
organic matter, within Murchison and Mighei, reveal that there are few statistically distinguishable 
values and those significant values are inconsistent across multiple bands and with a particular 
meteorite or degradation fraction. This relationship is in agreement with the ROM νCH2 asym./νCH3 
asym. ratios and a common origin for at least the refractory portion of meteorite organic matter. The 
data from the current study compared with that of Busemann et al. (2007) (Chapter 5) for 
Murchison and Mighei is also mostly indistinguishable. However, the large standard deviations of 
Busemann et al. (2007) study combined with the statistically distinguishable FWHM values, when 
compared to the current study, highlight the possibility of µm scale heterogeneity within MOM. 
Nevertheless, the consistency of R1 and νCH2 asym./νCH3 asym. ratios form Raman and FTIR 
spectroscopy within the same and among different meteorites from the current study does suggest 
that on a larger scale at least the refractory component of MOM is homogenous, which is consistent 
with 2D spectroscopic maps showing a heterogeneity of intensity and spatial distribution, but not 
necessarily a heterogeneity in the composition of MOM. 
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7.1.3. Organic/Mineral Relationships 
FTIR spectroscopic maps have allowed an assessment of the spatial distribution of organic matter in 
Murchison and Mighei and its association with minerals, in particular phyllosilicates. Phyllosilicates 
have been proposed as both the catalysts for organic matter synthesis and their protectors from 
oxidation. Their formation from aqueous alteration may also provide the H2 needed for organic 
synthesis reactions. Relationships between organic matter and carbonates is less pronounced, but 
has led to the suggestion, in other studies (Cody and Alexander, 2005, Alexander et al., 2015, Chan 
et al., 2017) of carbonates arising from the oxidation of the organic matter. The survival of organic 
matter in meteorites is attributed to their protection by phyllosilicates. However, this does not 
explain how the organic matter, some of which was likely accreted, survived initially during the 
aqueous alteration that generated the phyllosilicates. Alternatively, the IR response of structural OH 
and adsorbed/interlayer OH from water, in the same region as the carbonates, suggests that the 
phyllosilicates may be intergrown with carbonates, the association thus being between 
phyllosilicates and organic matter. Furthermore, if the νSi-O/νCHn asym. ratios are compared with the 
νSi-O/νCO3-2 ratios, it is apparent that unaltered Mighei has both the highest relative abundance of 
carbonate and aliphatic CHn compared to its phyllosilicates, but the 2D FTIR spectroscopic maps 
show that the organic matter is preferentially related to the phyllosilicates. If carbonate was 
produced by the oxidation of MOM, it would be expected that the aliphatic component would be 
low in relation to the silicates, whilst the carbonates would be high, although there is heterogeneity 
in the abundance of carbonates within meteorites and further study is needed to explore this 
relationship. 
 
The νSi-O/νCHn asym. ratio is significantly higher for unaltered Murchison than Mighei, but significantly 
lower for chemically degraded Murchison than Mighei. The chemical degradation procedure 
employed here removes oxygen containing functionalities and therefore LOM. Any aliphatic material 
left behind must be in the ROM fraction and thus Mighei must have a higher relative abundance of 
aliphatic material in its FOM and LOM than Murchison, which is in agreement with the hypothesis 
that greater degrees of aqueous alteration yield more aliphatic material from aromatic precursors. 
 
7.1.4. The role of Pressure 
The effect of pressure on organic molecules containing substituent groups similar to those found in 
meteorite organic matter has been investigated. Peaks present in the high pressure regions of 
vanillic and isophthalic acid, suggest that C-H---O intermolecular hydrogen bonds may form at 
increased pressure. If pressure can increase intermolecular interactions through decreasing the 
distance between molecules, then it is possible that organic progenitors, such as ISM material 
accreted by meteorite parent bodies, could have been crosslinked by pressure events, such as 
impacts. Indeed, it was demonstrated by Cai and Katrusiak (2012) (Chapter 6) that esterification can 
occur between benzoic acid units, in methanol and ethanol, at 1.48 GPa and 483 K. Impacts may 
thus represent MOM forming events. 
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7.2. Future Work 
An increased understanding of the effects of curation on the preservation of meteoritic organic 
matter should be sought, in order to better protect future samples. This could be undertaken by 
placing meteorite analogues, such as lignite and serpentinite mixtures, in different curation settings 
that have varying access to contamination sources. GC-MS and GC-C-IRMS analysis could then be 
undertaken of these to search for contamination traces and compared to procedural blanks and a 
control that has been sealed in a clean environment.  
 
This study has investigated the relationships between minerals and organic matter present in the 
Murchison and Mighei CM2 chondrites via FTIR and Raman spectroscopy. Furthermore, it has been 
possible to observe differences within the free and labile and refractory portions of the meteorite 
MOM. Further work should be undertaken to assess intra meteorite heterogeneity and bring more 
organic rich meteorites within those studied by synchrotron source FTIR spectroscopy and Raman 
spectroscopy. Development of a procedure to further divide FOM and LOM into separate fractions 
for FTIR and Raman study should be undertaken.  
 
The findings reported here may help explain the formation of meteorite MOM, which is thought to 
contain ester and ether linkages. Future work, such as the undertaking of high pressure neutron 
diffraction studies, will allow better understanding of the formation of hydrogen bonding, in 
meteorite model compounds, under pressure. The analysis of more complicated analogue samples, 
such as lignite and serpentinite mixtures, at high pressure should be carried out, in order to pave the 
way for high pressure studies of meteoritic organic matter. Lignite is a good analogue because it 
contains a range of different functionalities within its macromolecular structure, including ether and 
ester bonds and mixing Lignite with serpentinite (a major component of aqueously altered 
meteorites) would allow the study of potential mineral/organic interactions under pressure. Such 
studies could provide new cosmobarometers or shed light on meteorite MOM formation. 
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